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PREFACE 


Our “ Laboratory Manual ot Ji.iemec.arj. 

• -1 » +Kp 11 HP of our own students m tne 

of'^e Ohio State University. If teachers in other 
Stt" tod any appeatog Pe^agopo values taon^ manual, 

tove seize? the occasion for a second edition as an ^ 

adopt many of the suggestions made to us by friends P 

c^fin pb^i^cal chemistry laboratory work ma]^ in general 

B^rbe required to binld his own apparatus, blow the gl^, cah 
brate the flasks and weights, purify the working substances 
prepare the standard solutions, etc. Manipulative skill ^ 

to this way is indeed invaluable, not only for its own sake, but 
also because it leads the student to an jncreasmg confidence m 
his own abiUties. Every opportunity should be given for the 
develonment ef such skill U"t with a limited amount of time 


avauaoie, we eweeo„ not hope to complete any great 

number or variety of eitperiments. In this manual the plan has 
been adopted of having much of the equipment made ready for 
immediate assembly and most of the working substances already 
prepared for use, so that the student may cover as much pound 
as possible. The acquirement of some mampulative skill is thus 
sacrificed in the attempt to introduce a larger number of labora- 
tory illustrations of the underlying principles of physical chemis- 
try. However, a number of experiments particularly adapted to 
giving the student some considerable practice in the laboratory 
arts is included. For such matters as the calibration of weights, 
of flasks, of pipettes, of burettes, the construction of thermostats, 
etc., the student is referred to other manuals in which details of 

the proper procedure have been adequately given. 

Among the most important objectives in a laboratory course 
tT\ p.hfimistrv must be counted the acquirement of some 
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ability and if possible some skill, on the part of the student, in the 
interpretation and mathematical treatment and reduction of the 
results of an experiment. The importance of this matter can 
hardly be over-emphasixed. While it is sometimes true that 
scientific investigators seem able to draw conclusions from data 
which do not inherently and justifiably lead to such condusions 
at all, it is perhai>s more generally true that many interesting and 
important deductions which might have been and diould have 

l)een crystallised out, are missed altogether. 

Therefore, in our manual, while we give plenty of opportunity 
for the student to acquire useful experimental tediniques, we 
have put particular emphasis on the underlying principles, and 
have illustrated repeatedly some of the more common and powei^ 
ful approaches to a discussion of results, such as 

the Boltzmann factor treatment. Nor have we hesitated to 
supply a good deal of theoretical background at some of the more 
troublesome points in the interpretation and argument; althou^ 
we must naturally depend on references to some of the widdy 
used text-books in physical chemistry and on other references for 
the development of any complete or extensive theoretical treat- 

m cannot make a claim that any research spirit, even of tte 
most primitive sort, has been infused into our descriptions and 
directions for procedure; but as far as the subject matter would 
permit, we have at least attempted to make the experiments mto 
projects, rather than routine tasks. We hope that the student 

will approach his work in t his spirit. 

E- M. Jr. 
W. G. F. 


January 18 » 1934 . 
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EXERCISE I 

UNITS AND DIMENSIONS 

(A) Units. Van't Hoff defined physical chemistry as the 
attempt to employ the methods of physics in the study of chemis- 
try, with the hope of benefiting the latter. Physics was at one 
time, and is today, in many respects, a more exact science than 
chemistry, and this is to be expected, since the problems in whose 
solution the physicist is interested generally involve a smaller 
number of variable factors than the problems of chemistry. For 
the same reason chemistrj' is a more exact science than physiology, 
or psychology, or sociology. However, many of the problems of 
physics and chemistry are mutual ones, and in the strenuous 
modem endeavor to solve them, physics and chemistiy' are being 
drawn so closely together that it is impossible to say where one 

stops and the other begins. 

The things which are measured, both in physics and in chemis- 
try, are measurable properties or quantities, such as, length, vis- 
cosity, quantity of kectric charge, mass, velocity, temperature, 
etc. There are, at the present time, several score of such quanti- 
ties known, and from tune to time new ones are added to the list. 
For instance, the physical quantities met with in a study of heat, 
namely, temperature, quantity of heat, specific heat, entropy, heat 
conductivity, heat emissivity, etc., have all been added to the list 
during the past few himdred years as a result of the gradual 
refinement of a rather vague notion that people used to entertain 
about degrees of hotness and coldness (mere physiological sen- 
sations) . 

Every experiment in measurement involves a method of sifting 

out or identifying the particular quantity studied, and a scheme 

of scaling it with reference to a standard. The counterparts it 

the record or expression of the measurement are then (1) the name 

of the quantity measured, (2) the indication of the unit or standarc 

specimen, and (3) the number value which gives the number ol 

times the unit is contained in the quantity measured. The num- 

1 
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ber is given to the proper significant figure, so that the accuracy of 
the measurement is neither over-stated nor imder-stated ; the 
selection of the unit is generally controUed by convem^ence or 
custom, and the particular choice is less important than the 

absence of ambiguitj' in its description. . n i- i, j 

A perfectly feasible sj-stem of units could be established by 

defining arbitrarily and placing in a bureau of stanc^ds a ^parate 

unit for each one of the measurable quantities. Th^s, the arbi- 

trarilv chosen length of a certain line might be defined as t^ umt 

of length, and the area of a certain square, not necessary l^armg 

any simple relationship to the unit of length, might be taken ^ 

the unit of area. (Of course, the choice of figure is not necessarily 

limited to a square.) Similarly the volume of a 

might be the unit of volume, a certain dry cell might furnish the 

uifit of electromotive force, the viscosity of a certain oil or syrup 
the unit of ^^scosity, etc. There would then be ^ many arbi- 
trarilv defined units as there are measurable quantities. 

As a matter of fact, however, we set up only th^ or four or 
five arbitrarily defined units in our bureau of standards and 

derive aU the others. The very possibility of domg 

iSied relationships among the measurable quantities, relatio 

ships which are our natural phj^cal laws For ^ 

these relationships is the weU-known law that velocity is direct y 
proportional to length and inversely proportional to tune.^or usmg 

symbols to represent the physical quantities, r = fc X p where 

k iB a proportionality conrtant. Thia ^nation 

to length and time. Another such relationship is Ohms law, 

i = kX-, where i represents the phj^cal quantity strength of cur- 
rent c the electromotive force, and r the resistance. , . 

the Bake of making clear some of the ^ 

There are only two inde^ndent rela‘ionstaps ^amo^ 

course, k is a universal coostot only for some 

Tt ifl true that there is another relationship, V fc X 



units and dimensions 
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is not an independent one. as it foUows directly from the other two^ 
If, now, we arbitrarily define the unit of any one of these three 
quantities, length, area and volume, the units of the others may 
be derived by virtue of the existence of the two relationship . 
Let us select length and arbitrarily define the unit of length aa 
1/100 of the distance between two marks on a certain bar ot 
platinum kept at the standard temperature in a museum in Parjs- 
We thus arbitrarily set up the centimeter, unit of length in the 
e.g.s. system. Taking now the equation A = k X we may 
define the unit of area so that the proportionality constant becomes 
equal to 1 (one) for some particular chosen and specified shape of 
figure, and we may choose for the unit of area a square with 
edge one centimeter long. Then A = P, and it follows that the 
measure in units of area of any square surface of whatever size is 
not only proportional to, but is numerically equal to the square of 
its edge, measured in centimeters. Similarly, taking the equation 
V = k X P, may define the unit of volume in such a way that 
k becomes equal to 1. This gives us the cubic centimeter as the 

derived unit of volume. 

If, then, we have three physical quantities, with two relation- 
ships existing among them, we need define arbitrarily the unit of 
only one. Except for convenience, it makes no difference which one 
of the three we select; the unit of area or the unit of volume may 
just as well be selected for arbitrary definition as the unit of length. 

Let us suppose that a fourth physical quantity, linear curvature, 
is introduced and is added to the list of three already known. 
Since the curvature is inversely proportional to length (of radius), 

p = k Xj , the existence of this relationship makes it possible to 

V 

define the unit of curvature (making A: = 1), without adding an 
arbitrary unit to the museum. But if now a fifth quantity, time, 
be added, an arbitrary definition of the unit of time must be given 
since there is no known relationship* involving merely time and 

* This statement is not strictly true. The present system of fundamental 
units was established before relativity, and there was then no knowm relation- 
ship of the required type between space and time measurements. Similarly, 
the first sentence of the next paragraph should be qualified. In curved-space 
relativity, mass is related to curvature and hence to length. 

In this general connection, however, it is well to bear in mind that certain 
relationships may be primarily accepted but not utili2ed for the reduction of 
units on account of the too meager accuracy of the measurements involved. 
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any one or more of the quantities length, area, volume and curva- 
ture. The unit of time, the second, is taken as 1/86,400 of a mean 
solar day. When the physical quantities velocity and acceleration 
appear, their units, cm. per sec. and cm. per sec. per sec,, may be 
derived since laws are known relating them to length and time. 


namely r = fc X ^ , and a = fc X ^ - 


The unit of mass, when this quantity is added to the list, must 


be defined arbitrarily, since we find that there is no relationship 


connecting mass with any of the foregoing quantities. The unit 
of mass, in the c.g.s. system, is set up as 1/1000 part of a certain 


mass of platinum kept in Paris. When the quantity force and 
the relationship / = A: X w X a, or its equivalent / = fc X 


are added to the list, the unit of force (to which is assigned the 
name dyne) may be derived hy defining it as that force which when 
acting on a mass of one gram for one second will increase its 
velocity one centimeter per second. This unit of force when sub- 
stituted in the equation just given would of course make the 
proportionahty constant equal to 1, so that the equation would 

become / = ^ . In the same way, the erg, the unit of energy, 

TTV 

may be derived from the relationship S = fc X — ^ — . 

We now have a hst of ten quantities, length, area, volume. 


curvature, time, velocity, acceleration, mass, force and energy; 
and seven independent relationships. Three units have been 
defined arbitrarily and seven have been derived. Whenever 
a new quantity is added without a corresponding relationship, 
another arbitrary unit must be defined, but when the new 
quantity is related to the other quantities by a physical law, its 
unit may be derived. Reasoning inductively from these few illus- 
trations we may conclude that if n equals the number of known 
measurable quantities and n' equals the number of relationships 
existing among them then n — n' gives the number of units to be 
defined arbitrarily. In the three domains of (1) geometry, which 
deals with space, and (2) kinematics, which deals with space and 
time, and (3) mechanics, which deals with space, time and mass, 
there are, we may say for the sake of specific illustration, 51 quan- 



tities known and 48 relationships existing among them. (Here 
again we are taking the pre-relativity point of view.) Hence the 
unite of 3 physical quantities must be arbitranly defined, the so- 
caUed “ three fundamental units.” As already intimated how- 
ever it is not at all essential to this scheme that the units of Icn^h, 
time and mass be selected for arbitrary definition. We may just 
as well select length, time and force, or length, time and energy, 

or other combinations of three. 

When, however, we enter the domain of thermal quantities it 
seems b^t to define the unit of temperature arbitrarily, because 
of the absence of a sufiBciently well established experimental 
relationship between temperature and other measurable quantities, 
and also because, as previously indicated, it may be wise, on the 
score of accuracy, to have a larger number of fundamental unite 
t.hftn is theoretically sufl5cient. Likewise, in the domains of 
electricity and magnetism, a more satisfactory and consistent 
scheme of unite is obtained by arbitrary choice of a single fundar 
TTipntAl electro-magnetic umt, for example, electric charge, al- 
though the common systems choose either dielectric constant or 

magnetic permeability. 

(B) Dimensions. In deriving the unit of area in the previous 
section, it is defined as the area of a square of one centimeter edge, 
or the unit of area is equal to the unit of length squared. The 
unit of area may then be said to have the dimensions of length 
squared [L*]. Similarly, since the unit of volume is equal to the 
unit of length cubed, the unit of volume is said to have the dimen- 
sions of length cubed [L*]. Since the unit of velocity is made up 
of a unit of length divided by a unit of time the dimensions of a 
unit of velocity are [L T], or [LT“‘]. For a unit of acceleration 
we have the dimensions [LT~^], for a unit of force [LT^M], etc. 
Dimensional formulas of this sort indicate the exponents of the 
primary unite which enter into the derived unite. Not only the 
unite but the physical quantities themselves may be said to have 
the dimensions indicated. Thus, any force, of whatever size, 
has the dimensions, in terms of length, mass and time, of 

[L'T-'M]. 

The dimensions of a numbw of physical quantities are given 
in the following table. 
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TABLE I 


Quantity Dimensioiis 


Tjenffth. . 

L] 

Area 

IJ] 

Volume - 

[L3] 

Cliirvature .......... 

L-M 

Time 

[T] 

VeloeitiV 

LT-M 

Af'o^^^lpration 

LT-*1 

Mass 

mi 


Quantity 


Force, weight 

Energy 

Power 

Momentum 

Pressure 

Density 

Specific volume. . . 
Surface tension. . . 
Viscosity 


[LT-*M] 

[L*T-*M] 

[L»T-®M1 

[LT-^M] 

L-^M] 

L^M-M 

T-^M] 


If the unit of temperatxire be defined axbitrarily, then the 
dimensions of temperature are [ 0 ]. Quantity of heat has the 
dimensions of energy and hence entropy has the dimen- 
sions The dimensions of some of the thermal 

quantities are listed in the following table. 


TABLE II 


Quantity Dimensions 


Temperature 

Quantity of heat . . . . 

Entropy - 

Therm^ capacity. . . 


W 

L*T--»M] 

[L*T-*M^M 


Quantity 


Dime] 




Specific heat [L*T 

Thermal conductiv- 
ity [LT-me-^] 

Gas constant [L*T— 


Finally when we attempt to set up a consistent scheme of dimen- 
sions for electrical and magnetic quantities, several different 
procedures are possible. For example, Coulomb’s law 



= fc X 


Qi X g> 
D XP 


relates the two electrical charges 91 and 92 to the square of the 
distance I separating them and the force / exerted between them, 
fc is a proportionahty constant and D is the dielectric constant 
9, and 92 may be made equal, and of such a size that fc becomes e^ 
to 1 for unit force, unit length and unit dielectric constant. 1 ms 
defines the derived unit of charge. Its dimensions, then, axe 
fVLT”^M X X iy]y which reduces to ^d the 

unit of D, the dielectric constant, must then be defined arbitrarily. 

Since current is proportional to charge and 

to time, the dimensions of current are [L*T-^MiD‘]. Smw 

-1 ;= r,^r.r,orfinnal to the Dtoduct of charge and 



dimensions 


[L 2 T- 2 M (energy) 

which is equivalent to From the relatiotahip 

between resistance and potential and current (Ohm s tow) it can 
be shown that the dimensions of resistance are [L ^TD- ], and ot 
conductance [LT^iD], In some text-books of physics, it is 
assumed that the dielectric constant is dimensionless, and the 
above dimensions are given without the D. Such an assumption 

is, however, certainly unjustifiable. 

It is to be noted that the dimensions just given are for electro- 
static units. If, as in the electro-magnetic system, the unit of 
magnetic permeability is chosen for arbitral^' definition, then the 

dimensions of the electromagnetic unit of charge are 
where y. is permeability. The dimensions of the other quantities 
may then be expressed in terms of L'TMm, by a procedure sunilar 
+I10+ omninwd fnr tho derivation of the dimensions of electro- 


static units. 

It is also possible to follow the suggestion of certain physicists, 
and adopt the unit of electric charge for arbitrary defimtion. If 
this is done, the fractional exponents of the dimensions, as given 
above, disappear. The following table fists the dimensions of a 
number of electrical and magnetic quantities, worked out on this 
basis. The student should check carefully the dimensions of each 
quantity, and if necessary he should refresh his memory of the 
equational relationships involved by consultation of a good text- 
book of physics. 


Quantity 

Electric charge 

Current 

Potential 

Resistance 

Conductance . . 
Capacity 


TABLE III 


DimenfiioDS 


[L-*T*M-V] 


Quantity 


DimeoflioiM 


Id 

Inductance 

[T-**] 

Dielectric constant . 


Magnetic pole 


Magnetic field [ 

Lr-*TM-V 

. 

Permeability [ 


L-*T*M-V1 


The simplest and most obvious arbitrary definition for the unit 
charge is the elementary charge. This is, however, inconveniently 
small, and we may define the unit charge as being equal to the sum 
of 1/4.774 X 10““ elementary charges in the electrostatic system, 
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or of 3 X 10^°/ 4.774 X 10“^® in the electromagnetic system, with- 
out causing any internal disorder in our present c.g.s. S 3 -stem of 
mats. The electrostatic and electromagnetic c.g.s. units are not, 
however, of convenient size for most of the usual laboratory 
measurements, and it has been found desirable to define a so-called 
“ practical ” sj'stem of units having a simple relation (powers of 
10) to the c.g.s. units. This practical system includes the cou- 
lomb, ampere, volt, ohm, reciprocal ohm, etc. 

Here again we have an illustration of the principles we have 
been discussing. If we limit ourselves to these five physical 
quantities, there are three relationships existing among them. It 
is necessary, therefore, to define the units of two quantities; 
the other three can be derived. The ohm and the coulomb are 
generallj’^ selected for definition. From the coulomb the ampere is 
derived, making use of the relationship connecting quantity of 
charge and strength of current with time. From the ohm and the 
ampere, using Ohm’s law, the volt is derived; and from the ohm 
comes the reciprocal ohm. The student shoiild construct a table 
showing the numerical relationship between each one of these 
practical units, and the corresponding electromagnetic and electro- 
static units. 

Alany students experience difficulties in handling units, and 
indeed also in the iise of equations, those sjunbolic representations 
of physical laws. The difficulty is frequently due to a faUure to 
understand the basic meaning of units and equations. For 
example, to many students Ohm’s law, the statement that “cur- 
rent is equal to potential divided by resistance,” is about as f\ill of 
meaning as the statement that double-stars are equal to barber- 
shops divided by guinea-hens. It is nonsense to equate such dis- 
similar things, and barber-shops cannot be intelligibly divided by 
guinea-hens, any more than electrical potential can be divided by 
electrical resistance. But Ohm’s law does not mean what it seems 
to say. It should be stated primarily in the form 

t = fc X-. 

r 

It is perfectly intelligible that the strength of an electric current 
flowing through a conductor should be directly proportional to the 
electrical potential forcing it through, and at the same time should 
be inversely proportional to the reeistance of the conductor. Die- 
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rimilRr things may be proportional even if they cannot be equal. 
Ohm’s law is then not only understandable but it is true, and it is 
true regardless of whatever units may be chosen for measuring the 
three quantities, although, of course, the numerical value of k 
depends on the choice of these units. Now, if units of two of the 
quantities be arbitrarily defined, the third unit may be chosen in 
such a way that the proportionality constant k becomes equal to 1. 
rhe equation then seems to take on the form of an equality, 
but it should still be regarded as a proportionahty in which the 
jonstant is 1. The equation then means that the current strength, 
neasured in its unit, is numerically equal to the potential, measured 
n its unit, divided by the resistance, measured in its unit. 

Perhaps it is worth while to illustrate with a more homely 
jxample. To say that the growth of corn is proportional to rain- 
’all is an intelligible statement, whether it is correct or not. But 
)o say that the growth of com is equal to rainfall is nonsense. If we 
neasure the growth in a certain unit, say inches, it is possible, 
lowever, to choose a unit for measuring rainfall so that the growth 
vill be numerically equal to the rainfall, that is, the proportionality 
jonstant will become 1. With this restricted meaning in mind, 
t is then no longer nonsense to equate the growth of com and 
‘ainfall. 


Let us now return to Table I, with its list of physical quantities, 
md their dimensions. Suppose that instead of taking length, 
iime and mass for arbitrary definition of the fundamental units, 
ve should take length, time and force. What then would be the 
iimensions of the quantities listed? The dimensions of the first 
leven, including acceleration, would of course be unaffected. The 
Iimensions of mass would be [FT*L“i], of force would be [F], of 
mergy [FL], of power [FLT~^], of momentum [FT], of pressure 
FL-*], etc. The student should complete the list, and also work 
)ut aU the dimensional formulas for Table I, assuming that length, 
lime and energy units are made fundamental. 

One of the most useful applications of dimensional reasoning is 
n testing the validity of equations. Every equation has a left- 
ind a right-hand member, separated by an equality sign. While 
neasurable quantities may occur on one side which are entirely 
lifferent from those on the other side, the dimensions of all the 
<erms on one side must reduce to the same dimensions as on the 



ELEMENTARY PHYSICAL CHEMISTRY 



other, if the equation is valid. In mathematical parlance, ail 
equations expressing physical relationships are dimensi onally 
homogeneous. Take, for example, the equation 

s = 1/2 gf. 


If this equation is valid, the terms on the right must reduce to 
dimensions of length, since s represents a distance, g represents 
the acceleration of the earth’s gravitational field, and has the 
dimensions [LT-*]. Then, [LT^* X "P] = [L]. Therefore the 
equation is valid as far as sameness of dimensions is concerned. 
Of course, there may be other things wrong with it ; the numeric 
(or dimensionless quantity) 1/2, appearing on the right-hand side, 
may be incorrect. Dimensional reasoning tells us nothing about 
its correctness j we must resort to other methods, those of experi- 
mental science, to test its accuracy. 

Let us take as another example the Clapeyron equation 


dp ^ L, 

dT T(vi — Vs) ’ 


The dimensions on the left-hand side are those of pressure, namely 
[L“^T~*M], divided by temperature, or [L“‘T“*M^^]. On the right- 
hand side the dimensions of L„ the latent heat of vaporizationj are 
those of enei^, namely, [L*T“*M]. This divided by [L*] (volume) 
gives [L-iT-*M], the dimensions of pressure; and this divided by 
temperature gives [L-iT-*M^M, the same dimensions as those 
appearing on the left-hand side, thus proving the validity of the 
equation, dimensionally. Again, let us consider the equation of 

Poiseuille 



TprH 

8 Iff 


where V represents the volume of liquid which flows, p represents 
the hydrostatic pressure, r the radius of the capillary tube, t the 
time, I the length of the tube and ij the viscosity of the liquid. 
The ’dimensions on the left are [L*]- On the right we have 

[L-‘T-*M X L* X T] (L X L-*T-‘M (viscosity)] = [L»], 


e same as those on the left. Of course t is dimensionl^. 

There are other useful applications of dimensional reasoning. 
)r example, it is often possible by using dimensional reasoning, 
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to discover the exact (and previously unknown) relationship ex- 
isting among a set of variables, when all of the variables plajnng a 
part in the given effect are known. R. E. Wilson and D. P. 
Barnard, in an article “ The f^lechanism of Lubrication,” J. Ind. 
Eng. Chem., 14, 682 (1922), give a suitable illustration. It is 
known that the load pressure in a bearing is some function 
of viscosity (of the lubricant) and frequency of revolution, 
p _ jiy Since the equation must be dimensionally homo- 
geneous, and since the dimensions of pressure are [ML"*T -], 
of viscosity [ML-^T-*] and of frequency [T"'], it follows that 
p = k • rj ■ n, for then we have [ML"‘T"-] = [IML'^T '][T ']. 
The constant k is dimensionless. 


StarUng, Electricity and Magnetism, p. 384, gives two further 
examples. The student should attempt to derive these equations 
by dimensional reasoning before looking up the reference: (1) The 
excess air pressure inside a soap bubble is some function of the 


surface tension and of the radius of the film. (2) The velocity of 
a compression wave, i.e. a sound wave, in a gas is some function of 

the pressure and density of the gas. 

As a further exercise the student should prove the dimensional 
homogeneity of the follovung equations which are some of the 
common equations met with in a systematic course in physical 
chemistry. 



where / represents force, m mass, V velocity, 
and t t im e. 

where p represents pressure, n number of mole- 
cules per cc., k is the Boltzmann gas constant, 
and T temperature. 


w/{a-t) = p 



M 

2TrRT' 


where w represents mass, a area, t time. 



n{n -f- l)h‘^ 
StM ’ 


p pressure, M molecular weight (mass), the 
universal gas constant, and T temperature. 

where Er represents energy of molecular spin, 


n is an integral number, h is Planck’s constant of 
action, and I is moment of inertia. 
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(T = 1/2 rhdg 


where <r is surface tension, r radius, h h^ght 
d density and g the acceleration of the earth's 

field. 



fcCn - T 


where Hie symbols have meanings 


o:i 


nX = 2 d ' sin 


H + An 


M 

d 

m 


% 

n 


1 


n* + 2 


ready given above. What are the dimi 
kl How should it be expressed in c.g.s. units? 
where n is an integral number, X is wave-length, 
d is distance between planes in a crystal lattice, 
and 0 is an angle. 

RT 


What are 


el, 


E — Ei 


RT 


where e is electric charge, and { is distance be- 
tween + and — charges. What does m repre- 
sent here? 

-InK 


23,060 1 

L = n^iMi + where L is specific conductance (conductivity), 

n is no. of ions per cc., z is valence, and n is 
mobiUty. (Conductivity has the dimensions 

l-*tm->€*.) 

Enough discussion of dimensional reasoning as well as exercise 
in its uses has now been given to indicate the great clarification of 
thought which it brings. Any effort spent in the mastery of the 
fundamental principles of this reasoning will be many times 

repaid in the student’s later mental development. 

Many references might be dted in connection with the theory 

of units and dimensions, but only a few of the probably more 
available ones have been selected and are given here for the 

student to look up. 



Starling;, Sledricily and Magnetimf Chap. XHI, Irf>nginanB- 

Bridgman, Dimensional Afudysis, Yale Univ. PWea 

Waiiam, Dimensions qf Physiad Quantities^ PhO. Mag.^ S4, 234r-27I 

(1892). 

Backingham, Trms. Am. See. Meek. Bng.^ 87, 263-296 (1915). 

Tolman, Phys. Rev.f 6, 219-233 (1915). 

Lewis, Gibeon and Latimer, J- Am. CTiem. Soc., 44, 1008 (1922). 

Campbell, PkO. Mag., 47 , 169-172 (1924); eta 


EXERCISE II 


ERRORS OF MEASUREMENT; ILLUSTRATED BY 

BAROMETER READINGS 

In the measurement of physical quantities, no matter how 
carefully the measurements may be made, errors occur. Some of 
the typical errors, their estimation and expression, wiU be con- 
sidered in the present exercise in connection with the measurement 

of atmospheric pressure with a barometer. 

It is assumed that a barometer of the Fortin type is available. 
This barometer, hanging vertically on the laboratory wall, consists 
essentially of a glass tube about 90 cm. long which has been sealed 
at one end, filled with mercury, and “boiled out” to remove as 
far as possible all air and water vapor, and has then been inverted 
in a small cistern of mercury, thus permitting the mercury column 
to fall away some distance from the top of the tube to give a 
Torricellian vacuum. The height of the mercury column above 
the level of the mercury in the cistern is read on a brass scale 
provided with a vernier. As the height of the mercury column 
alters with changing atmospheric pressure, the level of the mercury 
in the cistern becomes changed slightly, and in order to make the 
reference level of the cistern always the same, an adjustment screw 
is provided by means of which a soft leather bag comprising the 
bottom of the cistern may be either compressed or allowed to 
expand. In this way the mercury surface can be brought to such 
a level that it just touches a fixed ivory fiducial pointer inside the 
cistern. 

Take twenty successive readings of the barometer, each time re- 
setting the cistern level on the ivory point and reading with the 
scale vernier to 0.1 mm., or if possible to 0.05 mm. Record the 
twenty values in Column I of a table now to be constructed. In 
Column II list the temperatures read off from the thermometer 
attached to the front of the barometer near the middle. It is 
good practice to read the thermometer first, and then the barom- 
eter, to avoid affecting the thermometer with heat from the 

1 .^ 
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observer’s body. These barometer readings are subject to a 
number of errors, the principal ones of which wiU now be dis- 
cussed. . 

(1) In the first place, since the time required for completion ot 

twenty readings will amount to at least 10-20 minutes, the at- 
mospheric pressure itself may change considerably from first to 
last . If so, the fact will be indicated by the trend of the barometer 
readino-s unless the actual change is so small as to fall within the 
error of measurement. The timing of the readings will naturaUy 
depend on the purpose for which they are needed. The nece^ty 
of knowing the pressure at some particular instant will call for 
one reading only. If the average pressure over a certain time is 
required, readings should be taken at regular inter^-als durmg this 
time In the present exercise twenty successive measurements 
are made merely so that the average value may be obtained 
the properties of the average discussed. It is assumed that the 
barometric pressure remains constant during the entire mterval. 

(2) The readings maj' be subject to instrumental errors, 
haps the barometer scale has not been properly constructed, so 
that the point on the scale marked 760 mm. is not actuary /60 
distant from the tip of the ivor>^ pointer m the cistern. ^ 
error misht more appropriately be caUed a defect, ^ce it is 
avoidable, and is due to improper construction. Instrument^ 
errors of this sort are verj' common whenever a scale is mvolved, 
as for example, in the use of voltmeters, ammeters, thermometer, 
refractometers, stop-watches, etc., and such errors are usu^y 
eliminated by careful cahbration of the mstrument either by com 

parison with a standard instrument or by locating a smaU 

of “ fixed points” on the scale, from which the rest of the scale can 

^Alothefhistrumental error which enters into the b^ometer 
readings is that caused by the presence of a smaU quantity of gas 
above the mercury- that is to say, the TorriceUian vacuum is not 
nerfect The gases usually present are au, water vapor an , 
course, mercur,- vapor. The pressure o£ the latter incloses mt 

racT-Qtnrp.il in a manner given approximately y 


equation 


P 


0002 
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where t is expressed in degrees Centigrade. This correctwn mu^ 
be added to the barometer reading. In the present exercise it will 
be assumed that both of these possible instrumental errors, that 
due to an imperfectly constructed scale and that due to an im- 
perfect vacuum, are negligible. 

There is a third instrumental error which should, however, be 
taken into consideration, namely, the capillary depression of the 
mercury in the barometer tube. The extent of this depression 
depends on the diameter of the tube and also on the angle of 
contact which the mercury makes with the glass. The size of this 
angle is indicated roughly by the shape of the meniscus. If the 
meniscus is comparatively flat, the error is small, but if well- 
rounded and high, the error is larger. The shape of the meniscus 
depends on a number of factors such as the presence of gases in the 
Torricellian vacuum, the presence of minute traces of metallic 


impurities in the mercury, the manner in which the glass tube was 
originally cleaned, etc. The following table (taken from the 
Kaye and Laby Tables) indicates the size of the correction (mm.) 
to be added to the barometer reading. 


TABLE IV 


Bore of tube. 



Height of meniscus in mm. 




0.4 

1 

0.6 

0.8 

1.0 

1.2 

1.4 

1 

1.6 

1.8 

6 

.27 

.41 

.56 

.78 

.98 

1.21 

1.43 


7 

.18 

.28 

.40 

.53 

.67 

.82 

.97 

1.13 

8 


.20 

.29 

.38 

.46 

.56 

.65 

.77 

9 


• • • 

.21 

.28 

.33 

.40 

.46 

.52 

10 


* « • 

.15 

.20 

.25 

.29 

.33 

.37 

11 


* • • 

.10 

.14 

.18 

.21 

.24 

.27 

12 


1 

• • • 

.07 

.10 

.13 

.15 

.18 

.19 


If the diameter of the tube is larger than 2-2.5 cm. the capil- 
lary correction is negligible. Sometimes the scale is constructed 
so that the capillary correction is made automatically. Unless a 
specific statement that this is the case accompanies the barometer, 
correct the twenty barometer readings for capillarity and enter the 
corrected values in Column III. The error due to the capillaritv 
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is not, except in the case of large bore glass tubes, an avoidable 
error. It is inherent in the xery structure of the instrument. 

(3) Since the density of the mercury becomes less with rismg 
temperature, the height of the mercury column required to balance 
the atmospheric pressure increases. For this reason it is 
ar 5 ' to calculate the height which the mercury column wo^d have 
a?a standard temperature, namely, 0° C. If a is the coefficient of 
cubical expansion of mercurj^ then ho, the height at 0 , is given y 

the equation 

ho = hi/ (1 + cd) 

where K is the observed height and t is the obsen,^ed temperature 
(Centigrade). This becomes, on performing the dmsion, 

ho = h,il — at) 


if terms invohdng a raised to greater than the first power are 
neglected. The length of the brass scale also mcreases with nsmg 
temperature, and since a lengthening of the scale has the effect of 
making the height of the mercury column appear too smaU, the 
combined correction for the effect of temperature on the mercurv 

and on the scale is 

ho = htO- — at) (1 + Pt) ^ 

where ^ is the coefficient of linear expansion of brass. This 
equation reduces to the form 

= W1 - (« - 

and if the vcn- smaU term is neglected and the “^encal 
vXes of a and d, namely 0.000184 and 0.000020, are substituted 

we obtain 

= h,(l - 0.000164 i). 


Correct the barometric readings listed in ^olunm HI of t^ta^^ 
for the temperature effect on both the merc.^ and the brass scale 

and record the corrected values m Column 14 . 

(4) Since the value of g, the acceleration of the earth ^ 
tional fie”l varies v-i.h altitude, that is with d^tance from tte 
earth’s center, and also since it varies with latitude because of he 

spheroidal shape of the earth, it is the convention to d^toe the 

sLndard g as that which is found at sea-level at latitude 45 . 
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Suppose that the barometer is situated in latitude X and at an 
altitude of I meters above sea-level, then the height of the baro- 
metric mercury column which would be observed m a standard 
gravitational field may be calculated by multiplying the actually 

observed height by 

(1 - 0.0026 cos 2 X - 0.0000002 t). 

This is the correction when the latitude X is south of 45 ; when it 
is north of 45°, the correction 0.0026 cos 2 X is plus instead of 

minus. 

If the combined correction for altitude and latitude amounts 
to 0.05 mm. or more in the case of the barometer involved in this 
exercise, make the correction for the twenty barometer readings 
of Column IV, and place the corrected values in Column V. 

The errors introduced into the barometer readings because of 
the temperature, altitude and latitude, are due to the conditions 
of the environment in which the instrument happens to be located, 
and they are for that reason often referred to as “condition 
errors." Such errors are very common with instruments of all 

sorts. 

(5) All of the errors mentioned thus far, both those belonging 
to the instrumental type and those of the condition type, are 
often classified as constant or systematic errors. Such errors 
nearly always occur, unless some special means are taken for their 
elimination. These errors cannot be eliminated by merely re- 
peating the measurements, no matter how often the repetition 
may be made. It is one of the principal objectives, and one of the 
objectives most difficult to attain, in the science of measurement 
to eliminate or allow for such constant errors. But even after 
every allowance for constant errors has been made, as far as 
possible, as, for example, has been done with the barometric read- 
ings in Column V, there are still variations among the different 
results. It is difficult if not impossible to account for the occur- 
rence of such variations. They seem simply to happen, and are 
for that reason usually spoken of as chance errors, erratic errors, 
or accidental errors. 

The problem which now confronts the observer is to select from 
the twenty barometric readings of Column V the value which cor- 
responds to the actual barometric pressure. It is naturally impos- 
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sible to obtain the exact value for the pressure; all that can be 
done is to obtain the best representative value, the value which 
is probably most nearly right, and to obtain the extent to which 
this value may probably de^-iate from the actual value. The 
arithmetic mean of the results is coming to be more and more 
re^rded with favor as the best or most probable value, at least in 
chemical work. It is indeed seldom that chemists ha\e occasion 
to make measurements of a sufficiently high order of accuracy to 
justifv any more elaborate treatment of the results than that of 
findin g the arithmetic mean. 

The Arithmetic Mean. Calculate the arithmetic mean of the 
twenty barometric readings in Column ^ . Xow, find the de\'ia- 
tion of each separate reading from the mean, and regardless of 
whether these deviations are plus or minus, add them all together 
and di^'ide bv 20 to obtain the average dc^dation of a single reading 
from the mean. Di\ide the average de\-iation of a single observ'a- 
tion by to obtain the average de^'iation or error of the mean 

value. It is a ven,' satisfactoiy' practice to express most tj-pes of 
experimental results in the form of the arithmetic mean plus or 
minus the average error of the mean. In sjunbolic form, the 
average error a of a single observation is given bj the equation 

- 

^ n 


where -d denotes the sum of all the deviations, regardless of sign, 
and /i is the number of observations. The average error. A, of the 

mean is given by 


A 




n 


/ 

V 


n 


Derivation of the last equation is beyond the scope of this exercise. 
For it-^ derivation as well as that of the following relationships, the 
student is referred to Chapter IX of MeUor's Higher Mathematics 

for Students of Chenji-dry and Physics, 

Probable Error. If the deviations are arranged in a series m 

the order of their magnitude, that value for the deviation which 

i^ situated midwav between the extremes, so that there are as 

many deviations smaller tlian this value as there are larger, is 

caUed the prol)able error. “Probable” here means simply a 

50-50 chance that the number of errore smaller than this assumed 
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vahie is the same as the number of errors which are larger; it does 
not Tpoft" that the probable error is the one which is most likely to 
occur, nor does it mean that it is the most likely value for the 
actual error. It can be shown that r, the probable error of a 
jginglp. observation, is given by the equation 

r = ±0.675 



and that 


R = ±0.6745 


v/ 


n(n — 1) 


where R is the probable error of the arithmetic mean. This is 
equivalent to writing 



Calculate r and R from the twenty barometric readings. 

The Mean Error. A method frequently employed to express 
the error is that of the “mean error,” or the standard deviation, 
or the mean-square deviation, or the root-mean-square deviation, 
as it is variously called. This is “the error whose square is the 
mean of the squares of all the errors; or the error which, if it 
alone were assumed in all the observations indifferently, would 
give the gamp, sum of the squares of the errors as that which 
actually exists.” (See Mellor, Chapter IX.) Hence, 



whine m anH M represent the mean errors which affect respectively 
a ain glp. observation and the arithmetic mean of all the observations. 

Calculate m and M from the twenty barometric readings, and 
compare the values with a and A, and r and R above. Any one 
of these different methods may be taken as giving the degree of 
prednon of a angle observation as well as of the mean of all the 
observations, but it should be remembered that a high degree of 
precMon does not necessarily imply a high degree of accuraqy, 
einee tiiie results may be vitiated by constant or systematio errors. 
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For a discussion of the theory and method of least squares, the 
student is referred to some of the special treatises on this subject 
(e.g., see Mellor, Chapter IX). 

Propagation of Errors. If B represents a measured value and 
e its error, then if B\ ± Ci is added to or subtracted from R* 

the possible error may be as large as ±(ei + ej). 

In multiplication and division, if ei and et are small compared 
with Bi and Rs, then the possible error is ±(Rie2 + Btei). The 
possible percentage error of a product or a quotient is equal to the 
sum of the percentage errors of the factors involved. 

Xf Ri rfc ri, where ri represents the probable error, is added to 
or subtracted from Rz rt r^, the probable e^or of the sum or 

difference can be shown to be equal to ±Vri- + rj*. 

Similarly, in miiltiplication, the probable er ror of the product 
or quotient is equal to iV^Rir,)* + (Rjri)*, and the probable 


error 




{B,r,r- 

Bt 



jf (R ± r) is raised to a power n, then the probable relative 
of the final result is equal to n X ^ , where ^ is the probable 


error 


relative error of the original measurement. 

An experimenter should, of course, make every effort to employ 
sound experimental technique, and to be sure that his results are 
trustworthy. It is essential for one who would become a pro> 
ficient obseWer, to cultivate an attitude of indifference toward the 
results of his obsci^'ations. All bias and desire for a certain 
experimental outcome should be suppressed. One's mtellectiml 
integrity is sometimes severely tested by the question of whether 
or not a particular result should be rejected, when the result 
diverges considerably from the average. Frequently there is an 
obvious and adequate reason for such rejection, but the mere fact 
of considerable divergence should not be allowed to iMuence the 
decision. A comment by Tuttle in his Theory of Me^reme^ 
is very much to the point. “The temptation, often felt by the 
beginner, to omit or re-determine a discordant result may be very 
perceptible ... A re^etermination is not intrinsicaUy objec- 
tionable, but it should be made in addiUon to the other determmar 

tion, not tn place of it.” 
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Significant Figures. It is a verj^ common mistake to express an 
experimental result, or a result calculated from experimental data, 
with too many significant figures. Let us take an example. Sup- 
pose that a volume of chloroform, in a suitable volunie-meter, 
such as a burette or a pipette, is found to be 20 cc. at 15° C., and 
then is found to have a mass of 29.9807 g. If the mass is divided 
by the volume and the division is continued until there is no re- 
mainder, we obtain 1.499035 as the density of chloroform. It is 
absurd to state the density in this way, as it would indicate that 
the density had been determined to the 6th decimal place, or wth 
an accuracy of about 1 in 1.5 million parts. While it is experi- 
mentally possible with extreme precautions to weigh such a 
quantity of chlcroform to the 4 th decimal place, or with an error 
of only about 1 in 300,000 parts, it would be a difficult task. 
With good temperature control and proper technique one could 
measure a volume of 20.00 cc. to the 2nd, and with some difficulty 
to the 3rd decimal place, U the purity of the chloroform justified 
the attempt. But to expect to do so with an accuracy of 1 in 1.5 

million parts would be ridiculous. 

Furthermore, aU considerations of experimental possibilities 
aside, when the volume of the chloroform is stated as being 20.0 cc. 
as above, it is understood that this means that the accuracy of the 
volume measurement is no greater than 1 in 200 parts. The 
calculated density can therefore have no greater accuracy than 
this, no matter how exactly the mass may be determined, and the 
figure 1.499035 should be changed to 1.499 or, better, rounded off 
to 1.50. If a slide-rule were used for this calculation, the number 
29.9807 could not be located more accurately than to 4 or 5 in the 
second decimal place, and hence the result would automatically 
contain about the right number of significant figures. This is one 
of the general advantages of using a shde-rule. 

The accuracy with which the least accurately determinable 
physical quantity can be measured should be allowed to control 
the accuracy with which the observer attempts to measure the 
other factors involved. If in the case of the density of chloroform 
the volume is not determined more accurately than 1 in 200 parts, 
it is needless to try to measure the mass much more accurately 
than this. Such accuracy would be superfluous. But if a meas- 
ured quantity enters into an equation as a term raised to a power 
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greater than one, then it should be determined with correspond- 
ingly more accuracy. The propagation into a final calculated 
result of errors present in the data has just been considered in 
the preceding section. 

It is important in the expression and calculation of results for 
the student to keep constantly in min d this matter of significant 
figures. A satisfactory,' rule to follow in the calculation of results 
from data is as follows: In addition and subtraction, drop every 
digit in the final result which fall^ under an unknown digit in any 
of the quantities to be added or subtracted] and in multiplication 
and division, the final result should retain only ae many significant 
figures as there are in the term or factor containing the smallest 

number of significant figures. 



EXERCISE III 

FUNCTIONAL RELATIONSHIPS; LAW OF DECAY; 

BOLTZMANN FACTOR 


For the student of physical chemistry there is probably nothing 
more important in his mental development th^ the acquirement 
rf good appreciation of the meaning of a “ functional relationship. 
Most students entering upon a study of physical chemistry have 
been put through courses in college algebra, trigonometry, ana- 
lytical geometry and calculus; and most of them have attained 
some little proficiency in performing the simpler algebraic opera- 
tions of differentiation and integration. But it is seldom that a 
student is found to have developed any appreciable skill in ex- 
pressing a physical relationship in the form of a graph and es- 
pecially in the form of an equation, or developed much ability to 
read a ph 3 rsical meaning into the mathematical symbols and equa- 
tions which he encounters in his text-books and in his readings in 


the literature. 

The two preceding exercises. Units and Dimensions and Errors 
of Measurement, have been put into this manual with the hope 
that they might help the student in his effort to employ the 
language of mathematics in the description and discussion of 
physical and chemical effects. The present exercise is also 
designed to help in this effort. It is an illustration of one of the 


most common forms of the “ scientific metl 


IIIII 


] 


of approach to a 


technical problem. 

In this particular form of the scientific method the logic in- 
volves four distinct steps. (1) The investigator, who is interested 
in some problem, first of all dreams about it, and if he possesses 
a suiBiciently good imagination he finally is able to reach down into 
his physical and chemical background of fact and analogy and 
bring forth a “ hunch ” or hypothesis regarding the possible 
mechanism, or nature of the effect in which he is interested. 
(2) This hypothesis is then expressed in the form of a differential 
equation. (3) The differential equation is integrated. (4) Data 
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obtained by an experimental study of the problem in the laboratory 
are then substituted into the integrated equation to test the equa^ 
tion’s validity. If the equation holds, that is, if it really ade- 
quately describes the effect in question, there is good reason for 
behe\’ing that the original hypothesis is correct. This equation 
may then also be used for making quantitative predictions. The 
student should realize that the ability to predict is one of the most 
important characteristics of the “ scientific method.” 

To illustrate these various points we may now proceed to the 
consideration of a simple technical problem. We shall choose 
for our “ fimctional relationship ” an example of the so-called 
“ law of decay.” Suppose that we have a large vertical cylindri- 
cal tank of unif orm cross-section, and filled with liquid, such as a 
water-tower, and that the liquid is running out of an exit orifice 
at the bottom of the tank. Suppose that we would like to know 
whether or not there is any relationship between the rate at which 
the liquid escapes and the quantity of liquid in the tank. 

(1) A plausible hypothesis which comes to mind almost at once 
is the guess that the rate of escape is directly proportional to the 
hydrostatic pressure, and hence also directly proportional to the 
volume of liquid in the tank. This is the first step : our hypothesis 

has been set up. 

(2) To express this hypothesis in the form of a differential 
equation, let us allow the sjTnbols V and t to represent volume and 

time, then 

• F, (1) 


dt 


k 


said 


where ifc is a proportionality constant. Here we have 
shorthand mathematical symbols exactly what we have already 
said in words, in the statement of our hypothesis. The differen- 
tial quotient ^ stands for the rate of escape of the liquid, since it 

represents the rate of change of volume with time. The symbols 
of the differential calculus are needed, of course, because the rate 
is not a constant one, but itself changes with time. The minus 
sign indicates that the volume, V, in the tank is not increasing as 

time goes on, but decreasing. 

(3) Now let us integrate: that is, let us add up by the methods 
of the integral calculus enough of the infinitesimals dV and dt to 
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finite and large enough quantities of F and t to deal 
in oiir laboratory measurements. 


h I di. 




integration (without limits) 

InV =- 


kt-\-C 


and, evaluating the integration constant U, 


In 


V_ 

Fo 


h • t 


( 2 ) 


where Fo is the voliune of the liquid in the tank when t = 0, 
namely at the beginning, when the flow first starts. Using loga- 
rithms to the base 10 instead of the base e. we get 


2.303 log ^ 

Vi 


kt 


(3) 


Both Equations 2 and 3, above, may be changed from 
aiithmic to the exponential form, thus 


V_ 

Fo 


e~** (4 ) ; and 


F 

F. 


IQ-tt/xaot 


( 6 ) 




The Equations 2, 3, 4, 5 are all different forms of the same funo- 
lal relationship, and they all mean the same thing. Any one 
of them may be selected for use in the treatment of the experi- 
mental data to be collected in the fourth step, below; but it is 
most convenient to use Equation 3. This can be put into still 
more convenient form by getting rid of the minus sign, and this 
can be done without changing the meaning of the equation in any 
way, of course, by inverting the ratio F/Fo at tiie aame tima 
that we change the — to +. Thus, 


2.303 log ^ 




(«) 


(4) To make the actual measurements we may use a burette, 
which is a miniature tank. The stop-cock C from a 50 cc. burette 
should be cut off and sealed into the side of the burette B opposite 

1. Some burettes are 


the last graduation mark, as shown in Fig 
scaled ibom 0 to 50 cc., and others from 


this 
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Fio. 1 


arrangement is immaterial since in either case the volume of 
hquid remaining in the burette can be easily determined. The 
exit tip of the stop-cock should be drawn out in a flame to a fine 
capillary and cut off to a length of a few centimeters. Then by 
manipulating the cock, a convenient rate of liquid flow, say 5 or 
10 cc. for the first minute, can be produced. Once this suitable 

setting of the stop-cock has been determined by 
a little experimentation, it should not be further 
disturbed, but kept exactly the same through- 
out the course of the measurements. 

Ffll the burette to a point above the scale 
with some liquid. Water, which has been 
colored by the addition of a small bit of dye to 
improve the visibility, is very satisfactory. As 
the meniscus passes the first scale mark, start a 
stoi>-watch; and at regular intervals, either half- 
minutes or minutes, read the volume of water left 
in the burette, until the burette is drained 
practicaUy to the level of the stop-cock. Make 
up a table of data, listing time intervals in the 
first column, corresponding values of Y in the second column, 
ratios of Vo/V in the third column, and in the fourth column 
list the values of k calculated from Equation 6. 

The test of the validity of Equation Q is the constancy of k. 
The principal errors which may enter into these measurements 
are: (a) the error introduced by the difficulty of reading the 
position of the mo\Tng meniscus to much better than 0.1 cc. at a 
definite instant of time ; (6) the error introduced by the departure 
of the burette from perfectly uniform cross-section from top to 
bottom; (c) the error introduced because of the fact that the 
surface tension of the last drop of water to escajje prevents the 
water in the burette from actually falling to the level of the stop- 
cock. Thus Yo instead of being exactly 50, is something less 
f.bAn 50. Correction can of course be made, and the true head 
of water in terms of volume (Yo) for zero time can be calculated, 
and used instead of 50 cc. None of these errors are generally 
serious. This experiment if properly performed gives excellent 

values for k. j * 

Plot the different volumes of water in the burette on an ordinate 
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axis against the respective time intervals on the a^issa ans. 
What is the significance of the intercept on the volume axis m 
such a plot? What is the physical meaning of tangents drawn 

to the curve at various points along its length? 

Now, plot 2.3 log (7o/P) against t. What is the meaning of the 

slope in this plot? , . *• 

Calculate the aver^ value for k, and the mean deviation from 
the average. (See Exercise H.) Using this average value of k 
in Equation 6, calculate the “ half-life ” time, i.e. the tiine re- 
quired for half of the water to run out of the burette, and in^rt 
this inierpolated value in your table, above. Calculate the time 
required for 25% of the water to escape. Predict what volume 
of water runs out during the 75 seconds immediately following 
the end of the 5th minute, by first calculating the volume remain- 
ing in the burette at the end of 5 minutes, and then using Equar 
tion 1 integrated between limits. 

InVi - InVi = k(tt - U) 


If the student does not already appreciate the significance of 
“e,” the base of the natural system of logarithms, he should 
consult Mellor’s Higher Mathematics for Students of Physics and 
Chemistry, pp. 56-64, or Daniels’ Mathematical Preparations for 
Physical Chemistry, pp. 126-141. There are many examples of 
the “ law of decay ” among common physical and chemical 
effects. In order that the student may derive as much benefit as 
possible from his experience in handling this type of mathe- 
matical technique, it is suggested that he investigate one of the 
effects mentioned below. No detailed directions will be given. 
The student is left to his own resources and ingenuity in planning 
the experimental work. The particular problem selected by the 
student will doubtless depend on the apparatus and equipment 
available. 

(A) If the student can obtain a small tube of radon (radium 
emanation), such as is used in hospitals for treatment of cancer, 
the rate of decay may be studied over a period of a few weeks, 
with a laige-leaf electroscope which is not too sensitive. The 
hypothesis would be t^t the rate of disintegration or decay is 
directly proportional to the quantity of the radio-active materiaL 
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The differential equation would be: 


dN 

dt 



k‘N 


where N is the number of radio-active atoms present at any time t. 

(B) If data regarding the atmospheric pressures at various alti- 
tudes above sea-level are available in some handbook or other 
source of information, the hypothesis that the rate of decrease of 
pressure, p, with increasing altitude. A, is directly proportional 
to the pressure, as expressed in the equation 



may be investigated. 

(C) A solution of hydrogen peroxide, upon addition of a suitable 
catalyst, such as p>otassium iodide, can be made to decompose at a 
conveniently measurable rate. Thus the hypothesis that the rate 
of tHia chemical reaction is directly proportional to the concen- 
tration may be tested. 


dx 

dt 



k • X. 


(D) Is it true that when a beam of monochromatic light enters 
an absorbing medium the rate of fall-off in the intensity of the 
light with depth of penetration is directly proportional to the 


intensity of the light? 


dl 



kl. 


A satisfactory source of light is a stereoptican lantern, or an electric 
light bulb and a suitable lens syston to make the beam of one 
non-divergent and non-convergent, but parallel rays. A oonr 
venient arrangement is a vertical colorimeter tube (flat-bottomed), 
which may be filled to various measured depths with a colored dye 
solution, through which the beam of light is allowed to pass. 
The light may be made practically monochromatic by pr elimin a r y 
passage through a relatively thin layer of the djre solution. The 
intenfflty of the transmitted light in each case is measured relative 
to that of t.hiH incident monochromatic beam (/o). The intensity 
may be measured with a purchased or home-made thermopile 






fdnctional relationships to 

(connected to a sensitive galvanometer) or with a Crooks ra^ 
meter (assuming that the number of revolutions produced pe 

minute is a measure of the hght intensity). 


The Boltzmann Factor 

One of the most powerful mathematical tools avaUable to the 
physical chemist in the interpretation of his experimental re- 
sults, and in the prediction of new results, is the so-caUed “ Boltz- 
mann factor.” Since this expression can be simply and easily 
derived from the argument which has already been developed in 
this chapter we shaU now present it, and later in the manual we 
shall use it, or refer to it, in quite a number of different situations. 
It is important that the student, if he has an inferiority complex 
in connection with his mathematical prowess, get rid of such a 
complex at once. Certainly no more than avcinge intelligence is 
needed to master the simple mathematical techniques that we are 
dealing with here. It is generally true that after one becomes 
accustomed to the use of symbols and learns the meaning of the 
particular set of conventional symbols employed for dealing with 
the phenomena of a certain held, most of the diflSculties vanish; 
that is to say, the actual logical processes are generally relatively 


simple. 

It has already been 
foreeoinc exercises, tha 


dp 





and by seeking in a handbook for data on the dependence of 
atmospheric pressure on altitude, test the validity of the equation. 
The integrated equation is actually found to hold extremely well, 

In — = —kh or — = 

Po Po 

Now, with this much established, let us proceed as follows: 
Imagine a vertical column of air, 1 sq. cm. in cross-section, reaching 
from sea-level to the top of the atmosphere, as in Fig. 2. On any 
horizontal plane ph the pressure is the downward force (per sq. 
cm.) exerted by the weight of the whole column of the atmosphere. 
At a level 1 cm. higher, or Ah higher up, the pressure is less by the 
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amount Ap 


m ■ g, where m is the mass of the air in the cubic 
centimeter between the two planes ph and pZ 2 , 
and g is the acceleration of gravity. Thus 


Ap 

A/i 


m ■ g 


If we wish to express the rate of variation of 
pressure with height as a function of air density, 

Ap 


terms 


A/i 


as A/i ap- 


proaches zero, because the density itself falls off 
with increasing height. The exact expression, 

then, is 

dp 


dh 


P • g 


( 8 ) 


where p is density at any height h. Furthermore 
since density is directly proportional to pressure 
(temperature being constant), it follows that 


p 

Po 


P 


HO Po 

where p and p are the density and pressure at 
height h, and po and po are the density and pressure at sea-1 

Therefore 


Fiq. 2 


any 
sea-level. 


Po 

po 


' P 


this 


dp _ po 

dh Po 


g • P- 


( 9 ) 


Po 


In other words k of Equation 7 is equal to ^^g 
Equation 9 we get 


Integrating 


P_ 

Po 


-e^g-h 
e P" 


( 10 ) 


out destroying the validity of this equation we s. 
form in two ways. (1) Since the number of air m 
nt ner cc. is directly proportional to the pressure 
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can write n/no = p/Po, where n and no are the numbera of “olec^ 
present per cc. at height h and at sea-level, respectively. (2) -IJe 
density po is the mass per cc. at searlevel. If we multiply it by 
the number of cc. in a gram molecular volume at the prevailmg 
temperature and pressure we get poF = Af, the molecule weight. 
At the same time we must multiply po in the denominator of the 

exponent by this same volume and we get 



where R is the gas constant, T is the absolute temperature, and 
W is the work (namely Mgh) which would be done in lifting a mol 
weight M of air from sea-level to any height h, against the down- 
ward pull of gravity. This expression is the Bolt^ann 

factor for the present situation. It may also be stated in the 
equivalent form, where k is the Boltzmann gas constant for 

one molecule (i.e. R 6.06 X 10«), and w is the work of lifting 
one singlR molecule from the lower to the higher level. The 
Boltzmann factor gives the relative probability of finding molecules 
in two different energy states (in this case potential energy states 
in the earth’s gravitational field), or it gives the relative population 
of molecules in two different energy states, because from Equa- 
tion 10, it follows now that . 

JL 

!L = g"tr = g ST 

Th 


This relationship holds generally for any kind of a force field. 
If we know the work W required to change a mol from one energy 
state to another, or the work w required to change a single mole- 
cule from one energy state to another, we can calculate by means 
of the Boltzirrarm factor the relative numbers of molecules existing 
on the average in the two states. The surprisingly extensive 
applicability and usefulness of this functional relationship will be 
illustrated or referred to later in Experiments 4, 8, 12, 22, 25, 26, 
29, 33 and 38. 


Refebences: 

Mellor, Higher Maihemaiice for Stodenta of ChemiaiTy arid Phyaica. 
Daniels, MaOiemaiicdl Preparation for Phyakal Chemiatry, 
ThompsoDii Calculua Made Baay. 



EXERCISE rV 

GLASS-BLO WIN G 


The ability' to construct glass apparatus, and to repair broken 
glassware is of inestimable value to the phj'sical chemist. In the 
present exercise the simple operations of glass manipulation are 
performed by the student, and when these have been mastered a 
fairly comphcated job of glass-blowing is assigned (Experiment 6). 

If both soft sodium glass and pyrex glass are available, the 
student should practice making simple seals and “ T ’’-tubes with 
both of them in order to obsers^e the differences in their behaviour, 

and to learn how to work successfully with both of them. 

Necessary Equipment. A good blast lamp is necessary, a 

source of compressed air, and of ox>-gen. An air-gas flame is not 
hot enough to make pyrex workable, and a mixture of air and 
ox^'gen is better than air alone for large pieces of soft glass. A 
shkrp triangular file, or a glass-cutter’s file (ordinary small flat 
file with the sides ground smooth), and a tapered piece of carbon 
rod (an arc-light carbon) complete the list of necessary tools. 
The carbon may be replaced by a flanging tool, consistmg of a 
pointed triangular brass spatula two or three mch^ long mounted 
on a suitable handle. An assortment of smaU corl^ and a j ^d o 
quarter-inch P.G. flexible rubber tubing should also be available, 

and new wire gauze, matches, etc. ^ , r 

Fundamental Operations. Cutting. IVith the edge of the Me 

make a scratch about an eighth of the way around the piece at t^ 
point where it is to be broken. Wrap the fingers about the p.^ 
that the palms are down, and the index fingers side hy ade 
The scratch is held towards you, opposite the pomt of 

atouHSlf an Lch beyond the scratch The P-™- 

which insures a clean break. Moistenmg the 

scratch with the tongue seems to help. 

Short ends cannot be broken oft, or very large tubes broken 
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by this method. These are broken by means of heat expansion. 
The preliminary scratch is made as before, and moistened slightly, 

and a small bead of molten glass (end 

of a rod or tube) is pressed upon it. 

A complete break will result, or a 

crack that will permit the pieces to 

be puUed apart. Another method 

of breaking involves wrapping an 
electrically heated nichrome wire around the tube (particularly 

a large tube) at the point of the scratch. 

Straight Seals. Select a piece of straight tubing. Break it as 

explained above, and then seal the broken ends together. If the 
break has not been clean, chip off any irregular pieces of glam 
with a wire gauze vmtU the ends are squared. Hold a piece in 
each hand and bring both ends, to be sealed, into the flame to- 
gether, having previously stopped up a far end of one of the tubes 
with a cork. (The instructor should give directions for regulating 
the flame properly.) Rotate both pieces so that the broken ends 
are heated uniformly. Bring the softened ends squarely into con- 
tact as soon as the glass has begun to glow, and before it has flowed 
appreciably. Be careful to press the pieces together so that no 
holes remain. Now rotate the tube until the weld is thoroughly 
soft, and remove it from the flame. Blow gently, through the open 
end, or through a flexible rubber tubing attached to the open end, 
until a unifonn bulge appears, and then pull the pieces slightly 
apart untU the bulge disappears. If one portion of the wall is 

than the rest, this must be heated separately and blown 
out shghtly. A good seal shows no marks of the original weld, 
and possesses walls of unif orm thickness and as near as possible 
like the original tubing. Anneal the weld by allowing it to cool 
slowly in a smoky flame until carbon deposits on it. 

Select two pieces of tubing of different diameter (say 1/4" and 
1"). The large tube must be reduced to the diameter of the 
small one. Stick a small piece of tubing to the edges of the large 
tube, at one end, to use for a handle. Now rotate the large tube 
in a hot flame and melt off the last inch or so, permitting the waUs 
to collapse so that a large test tube is formed. Alternately heat 
and blow the end of this test tube until it is well rounded and of 
uniform thickness. Now with a hot pointed flame heat a spot 
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about 3/8" in diameter at the very bottom oi tne rounaea enu, 
and blow out a smaU bubble. Then heat the bubble strongly 
and blow hard, and scrape off the balloon of thin glass. This will 
provide a round hole of suitable diameter for sealing on the smaller 
tube. The actual seaHng operation is the same as with tubes of 
the same si^e, except that it will nearly always be necessary to 
flange the end of the smaller tube so that it fits exactly upon the 

hole prepared in the larger one. ^ # u- 

T-tubes. Blow a small bubble on the side of a piece of tubing, 

and seal a flanged tube of suitable size onto this opening, using the 

same method as above. Be careful to eliminate any thickened 

portions around the seal by alternately heating and blowmg. 

In order to facilitate blowing and to provide an air tight system it 

is generaUy advisable to seal up the outer ends of all small pieces of 

tubing that are to be sealed together, and to provide corl^ for the 

larger ones, with one opening left to blow through. Aft^ t e 

actual blowing is completed the sealed off ends can be cut off and 

the broken places polished. 

The student may experience the difflculty of havmg his gl^ 
crack while cooling. This will not occur if the glass is annealed 
by heating it thoroughly at the end of the operation to remove 
strain, and further annealing it by letting it cool slowly (shut the 
air supply off gradually). Soft glass will be much hwder to work 
with in this respect than pyrex, but the latter must also be treated 

carefully in the following procedure. • 

Inner Seal. Prepare a large piece of tubmg as ff to seal a sm 

one to it, i.e., close one end, but do not blow a hole m the end. 





3 


3 

4 
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Select a tube of about half the diameter of the lay y and toy 
Select a tut* o 

“d me a aTong the outside of the cork to pennit ^ to 

itlTlace the smaU tube inside the large one wrth the 
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flanged end against the inside of the rounded end of the large 

tube (Fig. 4, (1)). ^ i, • 

The closed end is now heated until the inner tube is sealed to 

the outer tube, and the weld made smooth and round by blowing 

in the center tube and through the grooved cork respectively. 


Heat 


Blow Heat 


Blow Heat 


Blow 


h 


^4 




1 


2 



Heat and Join 


3 

Heat and Pull 


u 
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Fig. 5 


A bubble is now formed at the closed end of the center tube, 
and a tube of the same diameter as the center tube sealed at the 
hole formed when the bubble bursts (Fig. 4). It will be noted 
that if the fragments of thin glass left when the bubble bursts 
are heated while the tube is rotated, they will draw back (surface 
m) to the tube and form a thick walled ring to which a seal 

can easily be made. 

Smooth up the seal, then heat carefully and anneal. 

Capillary Seals. Obtain a piece of capillary tubing of 0.4- 
0.7 mm. bore. Let a drop of molten glass form at one end and 
blow in the other end to form a thick walled bulb. Heat the tip 
of the bulb and blow out a bubble large enough to leave a 1/8" 
hole. Seal a piece of ordinary 1/4" tubing to this hole (operations 
indicated in Fig. 5). 


RBrBBBKCES; 

Wazan, Elements of Glass-Blowing, Van Noetrand. 

Fraiy, Laboratory Manual of Glass-Blowing, McGraw-HilL 
WooUstt, Laboratory Arts, Longmans. 


EXPERIMENT 1 



Fig. 6 


molecular weight of vapors by DUMAS METHOD 

This experiment involves weighing a large bulb open to the air, 
miing it with the vapor of some pure substance at a known tem- 
perature and atmospheric pressure, sealing and weighing it, and 
finally weighing it filled with water. From the data so obtained, 
the volume of the bulb and the weight of the vapor and hence 
the volume occupied by a known weight of the substance at a 

known temperature and pressure can be ascertained. 

Directions. Carefully clean a Dumas b\ilb. Fig. 6, and then 
dry it by warming (water-bath) and apphring suction. For the 

latter purpose introduce (before drawing 
out the stem of the bulb to a capillaiyO a 
piece of small glass tubing. Do not use 
alcohol and ether. Draw out the stem of the 
bulb to a capillary, and when cold weigh it 
accurately. A second bulb may or may not 
be used as a counterpoise, as desired. Introduce about 20 cc. of 
benzene into the bulb in the foUowing manner. Ffil an 800 cc. of 
beaker half full of tap water and heat to the boiling point. Im- 
merse the bulb in the boiling water for half a minute, remove from 
the bath and at once put the tip under benzene. (The few 
drops of benzene sucked into the bulb are vaporized and fill it ^th 
benzene vapor.) With the tip stiU under benzene, quickly cool the 
bulb with a wet towel. As much as 20 cc. of benzene can be easily 
dra^m into the bulb in this manner. Remove the tip as roon ^ 
this amount has entered Insert the bulb in a holder, provided for 
the purpose or made from a piece of he3^T galvamzed iron wiro 
and suT^rt the whole in a water-bath which has 
been heated nearly to 100= (about 90°) .o that only two 

£ kept constant especially at the time when the last traces of 
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excess liquid are being boiled out. After the bulb is once im- 
mersed in the bath it should not be removed for any purpose 
imtil the tip has been sealed. When the vapor has ceased to come 
out of the bulb, which can be easily ascertained by flashing the 
opening with a flame (do not use same burner for flashing and 
sealing the tip, as is used under the water-bath) remove by care- 
ful flashing any of the hquid which may have condensed in the 
exposed stem of the bulb and quickly seal the tip. A small 
Bunsen burner gives a suitable flame for the flashing test and for 
sealing the capillary. Read at the same moment the tempera- 
ture of the bath and soon afterwards, the height and temperature 
of the barometer. Remove and dry the biilb, and when cold, 
weigh it accurately. Note at this time the temperature of the 
balance case. Fill the bulb with water by carefully filing and 
breaking off the tip (save) under cold distilled water from which air 
has been removed by bofling. If an air bubble remains, it does no 
harm and necessitates no correction, as long as the volume of 


water entering the bulb is taken as the volume of the vapor. 
Weigh the bulb filled with water on a large balance. 

The experiment will involve obtaining acceptable duplicate 
results for the vapor density and molecular weight of some liquid 
such as benzene. The student may also obtain an unknown from 
the instructor. 

Calculations. Calculate the density (grams per liter) of the 
vapor at the boiling temperature and the barometric pressure, and 
the corresponding molecular weight of the vapor imder these 
conditions. To calculate the molecular weight of the substance 
imder investigation use the perfect gas law. The barometric 
pressure must be corrected to 0° and reduced to atmospheres 
(see Exercise II) . 




to 

M 


RT 


M = molecular weight; to = weight of vapor; V = volume of 
water in the bulb (taking density of water = 1.00). 

Since the important thing to determine in this experiment 
is the weight of the benzene vapor, which is the difference between 
the weight of the bulb full of vapor and the empty bulb, the weight 
of the air in the bulb must be taken into accoimt. This weight 
can be calculated from the inside volume of the bulb and the 
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density of air at the barometric pressure and the observed tem- 
perature of the balance case. This amounts to making the 
correction for the buoyancy of air (see Exp. 9). This, of course, 
must be done, whether or not a counterpoise btilb is used in the 

weighing. 


Rkfxrznces: 

Taylor, Chap. HI. 

Rodebush, Chap. II. 

Getman and Daniels, Chap. II. 
Millard, Chap. II. 

Findlay, Chap. II. 



experiment 2 

VAPOR DENSITY; VICTOR MEYER METHOD; 

LIMITING DENSITY METHOD 

In Experiment 1, by the Dumas method, the vapor density or 
the molecular weight was determined by getting the weight of a 
known volume of vapor at a known temperature and pressure. 
In the Victor Meyer method the procedure is reversed. The 
volume of a known weight of vapor is measured. The present 
experiment is divided into two parts. In Part A a determination 
of molecular weight is made which, although only approximate in 
its results, is good enough for most purposes. Many students 
will be content to do this part alone. The largest error is intro- 
duced, generally, because vapors do not obey the perfect gas laws, 
and in Part B, the so-called method of “ limiting density ” will be 
described, as a means of obtaining the true molecular weight in 

spite of the failure of the equation pV = (in the case of 

vapors or easily condensable gases). 

(A) Etperimental 

Figure 7 shows the arrangement of the apparatus. A weighed 
amount of the workii^ substance is introduced into the apparatus 
in a bulb b which is supported on an iron tri gg er rod G, 
which <*ATi be pulled to the left with a magnet at the proper mo- 
ment to allow the bulb to drop to the bottom of the inner tube T. 
Here the small bulb is broken and its contents volatilized. This 
vapor forces its own volume of air out of tube T, through the side 
arm A into the burette B (100 cc. capacity) filled with mercury. 
The volume of the displaced air is then measured with the aid of 
the leveling tube L and the leveling bulb L.B. The temperature 
is read from a thermometer which hangs alongside the burette. 
The pressure of the air in the burette, which is the pressure of the 

atmosohere if the mercurv levels are the same, is determined with 
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a barometer. The inner tube T is heated in a vapor balJi. In 
general the temperature of t h is bath should be 
than the boiling point of the substance to be volatilized. In the 

present experiment water is placed in the bottom of the outer 

jacket J, and is boiled over a 
gas flame. It is important to 
have the water vapor con- 
densing well towards the top 
of the jacket, so that the 
entire enclosed length of tube 
T will be heated uniformly. 
The water 





vapor 

through the exit tube O in the 
cork or rubber stopper C. It 
is desirable that the jacket be 
made of pyrex, as the life of 
soft glass jackets is not very 
long. 

The student may or may not 
construct the inner tube T, 
iiRing soft glass or pyrex, pref- 
erably the latter. If the stu- 
dent has had no experience in 
glass-blowing, he should con- 
sult one of the manuals on 
this subject provided on the 
laboratory book-shelf, or he 
should seek directions from 
the instructor, or he may get 
some help from Exercise IV. 

The over-all length of tube T should be 65-75 cm., the bulb at 
the bottom should be 26-30 mm. in diameter and 25-30 cm. long, 
and the smaller tubing of about 8-10 mm. bore. The trigg^ rod 
G is to be made of a piece of small iron rod and sUps back^ 
forth easBy in the glass side-ann. Heavy pressure rubber tub^ 
must be used at R, and it should also be wrapped t^u^out ^ 
lower half of MS length with friction tape to prevent bulging under 

the heavy weight of mercury. . , , . • Ko 

If the student is going to do only Part A of this experiment, he 
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may, if he wishes, substitute a 50 cc. burette with a leveling bulb 
and use water instead of mercury. In that case, of course, the 
observed pressure must be corrected for the vapor pressure of 
water. The apparatus described here, employing mercury, is 
designed so that it may be used for both Part A and Part B. 

When the apparatus has been assembled as described, make a 
dozen or more small bulbs b as follows. Draw out in a small, 
well-pointed blast flame a piece of soft glass tubing (3-4 mm. bore) 
into a chain of small capillaries separated by short accumulations 
of thicker glass. The capillaries should be a little less than 
1 mm. outside diameter, and about 15-20 cm. long, that is there 
should be 15-20 cm. between the accumulations. Break the 
chain into smaller lengths by cutting the mid-point of the capil- 
laries with a file. Each of these pieces may be made into two 
bulbs. Do this by heating the accumulation of glass in a needle- 
pointed flame, pulling apart, reheating the closed end, removing 
from the flame, and by blowing into the open end of the capillary 
to form a small bulb. The bulb should be 4-7 mm. in diameter, 
and of very bin glass, although not so thin that it will crush on 
handling. Then touch the middle of the capillary for an instant 
with the flame, so that it faUs into a bend of about 90°. The bulb 
then has the form indicated in the upper right-hand comer of 
Fig. 7. With an hour’s practice the student should be able to 
make several dozen bulbs of this sort. 

A bulb is selected and weighed. It is filled by immersing the 
open end of the capillary in a liquid, and warming the bulb care- 
fully with a small luminous flame. Some of the air is thus forced 
out and when the bulb is cooled, liquid runs over into it. By 
heating and cooling several times, the bulb and capillary can be 
filled. The capillary should then be sealed off at point E (the 
bulb may be cooled with ice if necessary) and the waste capillary 
is heated in the flame to drive out all adhering liquid. The filled 
bulb and the waste capillary are then both weighed, and the 
weight of the hquid obtained. 

It is weU to have a number of the small glass bulbs available, 
so that one of the proper size may be selected. If the bulb is too 
large, a volume of air larger than the capacity of the burette w'ill 
be forced over, and if it is too small the accuracy of the determina- 
tion will suffer. 
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When the water is boiling steadily, pull back the trigger G with 
a magnet and insert a long glass tube which reaches to the bottom 
of the hot inner tube T. Pass a stream of air, dried over calcium 
chloride, through T for several minutes to dry it out thoroughly. 
Withdraw the long tube, and place the filled and weighed bulb on 
the trigger, bring the mercury level near the top of the burette, 
and then force the rubber stopper above b securely into place. 
Again adjust the mercury levels, and let the system stand for a few 
minutes. Constancy of mercury level indicates an even tempera- 
ture throughout the vap)or bath. At this stage the apparatus 
should be tested for leaks by raising and lowering the leveling 
bulb to see if air can be drawn into, or forced out of, the system. 
Now pull the trigger and let the bulb drop. If it does not burst on 
striking the bottom, it will soon be broken by the expanding 
hquid, if the bulb has been properly made of thin glass, and if it 
has been almost completely fiLUed with hquid. Determine the 
volume of air forced over into the burette, waiting a few minutes 
for the air to attain room temperature, before taking the final 
constant reading. If the air volume continues to shrink, it is an 
indication that some of the vapor has diffused into the cooler 
portions of the system and is condensing. In this case take 
the maximum volume as the final reading. Occasionally the air 
volume increases slowly. This indicates that some of the Hquid 
is still trapped in the bulb or capillary and is being very slowly 

volatihzed. 

Make two dupHcate determinations of the vapor density (in 
grams per Hter) either of ethyl ether or of chloroform. Calculate 
the molecular weight. Obtain an unknown hquid from the in- 
structor and determine its molecular weight. The results should 
check within 2 to 4 per cent of the theoretical values. 

In the Victor :Meyer method, what difference would be found 
iB the final results if the jacket bath had been kept at a tempera- 
ture of 184° (boiling aniline) instead of at 100°? 



Limiting Density Method 


(1) Using either pure CSj or pure CHjCOO ■ CHj as the working 
substance, determine the molecular weight as accurately as 
possible as in (A) , but select a biilb b of proper size to hold enough 
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of the working substance to give about 50 cc. of air displacement 
in the mercury burette. Make the first determination at atmos- 
pheric pressure, as in (A). (2) Then clean and dry the apparatus 

and select a bulb b of about one-half the volume of the first one 
Bring the mercury level, at atmospheric pressure, near the top of 
the burette, insert bulb and dose the apparatus with the rubber 
stopper, above bulb b, securely. N ow lower the mercury about half 
way down the burette, note the volume reading, and the pressure 
reading. The air pressure in the apparatus is now considerably 
below atmospheric, and the pressure can be obtained by subtract- 
ing the manometer reading from the barometric pressure. Then 
allow bulb to fall and break, and measure the volume displaced 
at the same lowered pressure as before the displacement. (3) Repeat 
with a bulb b, about twice as large as in (1), starting with the 
mercury near the bottom of the burette, closing the system, and 
increasing the initial pressure much above atmospheric by raising 
the leveling bulb L.B., and finally after breaking bulb b, getting the 
volume of displacement at the same high pressure. 

The pV products of the air in the apparatus, which are the 
Homft before and after the displacement, cancel out; and thus 
it is possible to calculate the pV products of the vapor at the 
three different pressures. Calculate these all to a basis of 1 gram 
of the working substance, in any convenient units, say in mm.- 
liters, and plot them as ordinates against pressure as abscissas. 
Extrapolate to zero pressure, and substitute the resulting pV 


value in the equation pV 



M 


RT to get the true molecular 


weight M. It is desirable to get more than three pV values, 
working over the range between the smallest and largest pressures 
attainable with the apparatus. 


Taylor, Chap. m. 

Rodebuah, Chap. n. 

Getman and Daniela, CSiap. 11. 
Millard, Chap. U. 

Findlay, Chap. IL 


EXPERIMENT 3 


DETERMINATION OF THE VAPOR DENSITY AND 
THE MOLECULAR WEIGHT OF ACETIC ACID 

VAPOR BY A DYNAMIC METHOD 


Principles Involved. 


Law of Partial PiessureB 


e relation 

Method. 


w 

M 


RT. 


over 


A measured volume of COrfree air (2 liters) is passed 
anhydrone ” (MgClOi on asbestos) to remove the water 
vapor. The dried air is then saturated with acetic acid vapor by 
pftjgring it slowly through a bubbler filled with acetic add. The 
bubbler is maintained at a constant temperature in a hand-r^;u- 
lated thermostat, a few degrees below room temperature to prevent 
condensation in ground Joint p and cock p. The air, saturated 
with acetic add vapor, is then passed through a weighed U-tube 
containing “ascarite” (NaOH on asbestos). Here the acetic add 
B absorbed, and its weight is determined by a second wdghing of 

the absorption tube. 



Fra. 8 


Piocedore Filling B. With the “ train ” removed. Pig- 8, the 
calibrated 2-Uter bottle B is siphoned fuU of water by opening 
the two screw clampe, 8.C.» and 8.C.,. The first ascarite 
alone is then connected at m, B is elevated above A, and one of the 
aerew damps is adjusted so that 15 or 20 minutes is required to 
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fiU B with COrfree air. When B is filled, the screw cl^p is cloeed, 
and the bottles are returned to the positions shown in the figure. 

Testing for Leaks. The rest of the train is then connected 
as shown above, and the entire line is tested for leaks as foUo^. 
Valve r is closed, all other valves and clamps are opened, and the 
constancy of the water level in A (or B) is observed. The student 
should be very critical in this test and should not proceed until 

the line is proved to be free of leaks. 

Adjusting Rate of Flow. The train is now disconnected at 

n and the rate of flow of air is set at about 2 liters per hour by 
adjustment of screw clamp 1. The level in B is then permitted to 
rise to mark c. Without changing the adjustment of screw clamp 
1, clamp 2 is closed tight when the level is exactly at c. 

Weighing the Absorber. The ascante absorber at the end of 
the train is disconnected, and the grease is removed from its 
ground joint p by wiping it several times with small swabs of 
xylene-soaked cotton on the end of a match stick. Finally, 
with its valves closed, the absorber is weighed to 0.1 milligram. 

The Experiment The joint of the absorption vessel is care- 
fully re-greased, and the vessel is replaced in the line. (In the 
meantime a one-liter beaker of water has been brought to 30* 
± 0.50“ C. and the acetic acid bubbler has been immersed in it.) 
When the acetic acid has had time to assume the temperature of 
the thermostat, all valves in the line are opened, and screw clamp 
2 is imnoved. The thermostat is maintained at 30“ ± 0.6“ 
throughout the run. 

! Final Weighing. When the level in B is dose to d, A is lowered 
and supported so that the level in A is not more than 4 cm. above 
that in B at the moment when the level in B reaches the mark 
d. Valves g and r are closed at once, the absorber is disconnected, 
the grease is removed from the joint as before, and the final weigh- 
ing is made. 

Calculations. 


(ps " 

- Phk)) • Vi = 

NaRTi. 

(1) 

(pa - 

“ PHAe) • Vt = 

NARTt. 

(2) 


d = 

w 

V, 

(*) 


Pha« 'Vt = 


(4) 
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PHAs 


Tx 

Tt 


Fi 

V^ 

Na 

w 

d 

M 


= barometric pressure. 

= vapor pressure of water at Tx (look up table of aqueous 
tensioiis). 

= vapor pre^ure of acetic acid at Tt (see table at end of 
tbis chapter)^ 

= room temperature = temp, of air in cabbrated bottle B. 
= temperature of the thermostat con tainin g the HAc 

bubbler. 

= volume of moist air expelled from bottle B = 2 liters. 

= volume occupied by dry air + acetic acid vapor at T%, 

= number of mols of dry air passed. 

= weight of HAc absorbed in the final absorption tube. 

= density of HAc vapor at Tt (to be calculated). 

= molecular weight of acetic acid vapor (to be calculated). 


Na Is calculated from (1), F* from (2), the density d from (3) 
and molecular weight M from (4). In the last calculation 
the vapor pressure^of HAc at Tt must be known. This can be 
obtained from the following table. 


table V 



K the molecular weight, M, of the volatUe substance is known 
in the vapor state, this method may be used, conversely, to de- 

teixnine the vapor pressure. 


Bbfbbekgbs: 

TayloFt Chap. IIL 
Bodd9asht Chap. H- 

Oetznan. and Danidfl^ GbBpm II« 
Bliflard, Chap. IL 
Piiidlay» Chap. H. 






experiment 4 


RATIO OF SPECIFIC HEATS (OR OF MOLAR HEATS) 

Some very interesting and instructive results come out of a 
consideration of the specific heats of gases. The specific heat o a 
substance is the quantity of heat required to raise 1 gram of that 
substance 1“ C. Since the specific heat varies (increases) wito 
increasing temperature, it is of course necessary to specify the 
temperature. For our present purpose we shall find it more 
convenient to deal with molar heats than with specific heats. 
The molar heat is the heat required to raise the temperature of 
1 mol 1°, C = M 'C, where C symbolizes molar heat, c specific 

heat, and M molecular weight. 

We recognize two different kinds of molar heats (and also specific 
heats): (1) The molar heat at constant volume, C„ where the 
substance whose temperature is being raised 1® C., is not allowed 
to change its volume; and (2), the molar heat at constant pressure, 
Cp, where the volume of the substance being heated is allowed to 
increase, but the pressure to which the system is being subjected 
at the end of the heating is the same as at the beginning. In the 
case of gases, Cp is rather easily measured at ordinary temperar 
tures (Rodebush, p. 29), but it is a difficult matter to measure 
Cf Tbe molar heat at constant volume, C„ is the same for 
certain gases, and for other gases it is different. But, whatever 
the actual value of C, may be, it can be shown by experimental 
measurement that Cp is always just R calories larger than C, for 
all (except under conditions where there are serious de> 

partures tom the gas laws). Cp = C, -h R calories. This is 
what we would expect from theory, because when a gas is heated 
at constant pressure, not only must enough heat be put into the 
gas to raise its temperature 1® C., but also to do the work of 
expansion against the atmosphere. Quantitatively, this extra 
heat is given by the equation 


p(Pi — »i) = RiTt — Ti) 




where vi and Ti are the initial, and Vt and Tt the final volume 
and temperature. If Ts — Ti = 1®, then the mechanical work of 
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expansion, p(vt — vi) = R calories. Hence Cp will be greater 
than C, by R calories, approximately 2 calories. 

The magnitude of C, depends on the complexity of the gas 
molecule, and C, is the quantity in which we are most vitally 
interested in the present discussion. But it is very useful to deal 
in terms of the ratio of the two molar heats Cp/ C, (which is sym- 
bolixed by the Greek letter gamma, y = Cp/C/), because of the 
relative ease with which y is determined experimentally. From 
what has just been previously said it follows that 



C, + 2 

C. 



Obviously if C, is known, y can be calculated ; and if y is known, 
C, can be calculated. 

Let us now attempt to predict on purely theoretical grounds, 
the values for C, for some gas molecules of different tj^pes. <7, is 
the heat p)oured into a mol of gas at constant volume to raise the 
temperature 1°. This heat is used up by the molecules of the gas 
to increase their kinetic energy. In general the kinds of motion 
which thereby become more violently excited are translation, 


spin, and oscillation. 

Monatomic Molecules. The only type of motion which mon- 
atomic molecules, like helium, can execute is translatory motion. 
Single atoms are not easily started spinning; i.e. they do not 
easily acquire “ English ” as a billiard ball does. Other atoms and 
molecules which bump into them simply skid off; the spin does 
not take hold, because most of the mass is located in the nucleus 
at the center of the atom. Neither does oscillation occur with 
single atoms. At least two atoms, each held within the attractive 
force field of the other by elastic forces along the line of juncture, 
are needed for oscillation. Since the kinetic energy of transla- 
tory motion for a mol of gas is given by the equation K.E. = ^ RT 
(Rodebush, p. 30), the molar heat at constant volume, (7„ for a 
monatomic gas will be | calories, or approximately 3 calories 

(since T, - Ti = 1°). Therefore y = = 166 for a 


mona- 


tomic gas. 

Further since the increase in translatory motion (m 3 dimen- 
sional spa^) which results from the rise of 1" in temperature, can 




RATIO OF SPECIFIC HEATS « 

be described in terms of velocity components along x, y and 2 
axes, we find it helpful in our analysis of the situation to say 
that there are three types of motion, namely in the x, y and z 
directions, and to call every one of these types of motion a “ degree 
of freedom.” Thus the molecules of helium possess three degre^ of 
freedom. Moreover since we must think of the x, y and z motions 
as being aU equaUy probable, that is since we must thmk of the ^ 
as being isotropic with respect to molecular velocities, the Pr^ 
ciple of the Equipartition of Energy tells us that the 3 calories 
of heat must be partitioned out equally among the three degre^ of 
freedom, 1 cal. for x-motion, 1 for y-motion and 1 for z-motion. 

Diatomic Molecules. Now in the case of diatomic molecules, 
such as oxygen (O*), the molecules cannot only absorb heat, 
when the temperature is raised 1°, by increasing their x, y and z 
translatory motions, but also the molecules can spin about two 
axes, when sufficiently stimulated. In Fig. 9(6) a crude diar 


Y' .Z' 



Fia. 9 


grammatic representation is given of such an oxygen molecule. 
Most of the mass of the molecule is concentrated in the two nuclei; 
the extra-nuclear electrons, which make up only a very small 
fraction of the total mass anyhow, are scattered through a much 
larger volume, with a density of distribution which falls off ex- 
ponentially with increasing distance from the nuclei (Rodebush, 
p. 357), as indicated roughly by the density contour lines. The 
two heavy nuclei can spin like a fly-wheel, around the center of 
gravity of the molecule; at least spin can occur about the Z — Z* 
and Y — Y' axes. The enei^ of this rotational spin, is 
given by the following equation (Rodebush, p. 31) 



n(n + l)h* 
8v*/ 
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where n maj’’ have the values 0, 1, 2, 3, 4, . . . , h is the Planck 
constant and I is the molecule's moment of inertia. The moment 
of inertia is the sum of all the products of the masses of the nuclei 
into their radial distances from the center of gra\dty, namely 

The rotational motion just referred to is quantized; that is to 
say, a molecule will not gradually increase its velocity of spin 
from low to high, like a fly-wheel, but it increases by steps. It 
will not start to spin at all unless it receives a certain minimum 


quantity of energy, a quantum of energy, the size of which is 
characteristic of the molecule, and is given by Equation 3 above, 
when n = 1. The spin motion can then be further excited by 
the acquirement of rotational energy which is a multiple of the 
original quantum, as given by Equation 3. This equation shows 
that the magnitude of the quantum of energy is inversely pro- 
portional to the moment of inertia I. When I is relatively large, 
Ef is relatively small, and there is a good probability that even at 
ordinary temperatures the average molecule will be bumped hard 
enough by the impacts of other molecules to start it spinning, at 
least about Z — Z' and Y — Y' axes, but not about the X — 

About X — X' axis, Fig. 9(b), the moment of inertia is 


exceedingly small, since most of the mass is situated on the axis, 
and the only mass in the expression '^mr^ is the mass of the 
electrons. No doubt at enormously high temperatures spin 
about the X — X' axis could be excited. But at ordinary tem- 
peratures little if any of this type of rotation occurs, because of 
the very large quantum reqviired; and for the same reason mon- 
atomic molecules. Fig. 9(a), do not pick up spin, as we have al- 
ready stated. (In these considerations we are not discussing 

nuclear spin.) 

In the case of diatomic molecules the two rotational degrees of 
freedom, about Z - Z' and Y - Y' axes, each absorb 1 cal., 
according to the Equipartition Principle, for a rise of 1° in tem- 
perature. The point is that there is a give and take of energy 
between all the different modes of motion among the molecules of 
a gas, and the spin motions get just as large a share of the heat 
ener^ poured into a gas when its temperature is raised as do the 
z, y and z translatory degrees of freedom. Consequently, for a 
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diatomic gas we would expect C, to be 3 + 2 calories; and y 

§ + ^ + g = 1.40. 

3 -|- 2 

It is to be noted, however, that all of the molecules in a 
of diatomic gas molecules need not necessarily be spuming. Tto 
energy-rich molecules may be spinning; the molecules 
energy may be undergoing translatory motion alone. Whether 
all of the molecules are excited to spin, or what fraction of the 
is excited, will depend not only on the moment of inertia of the 

molecule, but also on the temperature. 

But there is still another type of motion which must be taken 

into consideration in the case of diatomic molecules, namely 
vibration or oscillation. In Fig. 9(b) the two oxygen atoms can 
approach one another, and recede from one another, oscillatmg 
back and forth. This type of motion is also quantized, like spin 
motion; translatory motion is not. The magnitude of the quan- 
tum required to excite the oscillation is greater the tighter and 
stronger the chemical bond uniting the atoms. For many tight- 
bond molecules, such as Hj, 0*, CO, N*, the oscillation is frozen, that 
is, it is not excited, at ordinary temperatures. But at sufficiently 
high temperatures the oscillation may become violent and of 
large enough amplitude so that the atoms fly apart and the mole- 
cule dissociates. In oscillation of this sort both kinetic energy 
rtiH potential energy are involved. When the atoms are closest 
toge^er the energy is all potential (repulsion), at the equilibrium 
distance it is kinetic, and at the distance of greatest separation 
it is again potential (attraction). In this respect each atom be- 
haves somewhat like the bob of a swinging pendulum. To each 
such oscillation degree of freedom (per mol of gas for 1® rise in 
temperature) 2 calories of heat must be assigned, for while the 
kinetic energy is being continuously changed into potential energy, 
and vice versa, there are always two moving parts in the oscillar 

tion. 

Thus in a loose-bond diatomic molecule C, would be (3 trans- 

7 + 2 

lation + 2 spin + 2 oscillation) calories, and y = — ^ — = 1.286. 

For diatomic molecules therefore y may have the value 1.40 for 
tigh t bonds, or 1.286 for loose bonds, or any value between these 
two figures, dependmg on the strerrgth of the bond, and on the 
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ext«nt to which certain fractions of the total numbers of molecules 
may have their oscillation motions excited at any particular 
temperature. The relative numbers of molecules in the different 
excited energy states, both spin and oscillation, can be calculated 
by means of the Boltzmann factor treatment, (See Exer- 

cise III.) 

Triatomic Molecules. In the case of triatomic molecules, like 
SOj or O3, which do not have their atoms all arranged on a single 
sixis of rotation, there will be 3 degrees of spin motion, and 7 will 

3 _j- 3 _f_ 2 

. To the extent to which oscillation degrees 


be 


1.33. 


3 - 1-3 

of freedom are also excited, 7 will be smaller than this. 

Polyatomic Molecules. All polyatomic molecules will possess 
3 translatory degrees of freedom and generally 3 rotational de- 
grees of freedom. The more complex the molecule is, the laiger 
will be the number of p>ossible oscillation degrees of freedom, and 
the smaller will be the value of 7 ; although it does not necessarily 
follow that all possible tjT^s of oscillation will be excited. 

Exercises for the Student 

(1) At this point the student should make a list of the ratios 
of molar heats (or sp)ecific heats) for a score or more of the 
common gases (given in any good table of physical constants, 
such as the Chemical Rubber Publishing Company’s Hand- 
book of Chemistry and Physics, 18th Edition, pp. 1025—27) 
and determine for hims elf how well the predictions made 
abov'e are borne out by the actual values of 7 , and try his 
own hand at assign^ing the different kinds of degrees of freedom 

to the various molecules. 

(2) Why does 7 vary with temperature? 

(3) Explain why the H, molecule behaves like a monatomic 
molecule at very low temperatures, and why its 7 assumes a 
value of about 1.32 at 2000° C. Calculate C, for H, from 
the various values of 7 given in the Handbook table, and plot 

C« as a function of temperature. 

(4) Calculate the moments of inertia, in c.g.s. units, for the 
following molecules from the intemuclear distances given: 


m 


H - H, 0.76 X 10-« cm.; I - 
0-0, 1.2 X 10-« cm.; H - 
CHU: C - H, 1.08 X 10“® cm 


I, 2.80 X 10"® cm.; 
Cl. 1.28 X 10-^ cm 
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A rtricUy qumtitative treatment of thia whole matter of hMt 

InraUy beyond the acope of thia manual. a.ou^ 

has been said in the foregoing brief theoretical treatmen 
S ^canoe of r, the raUo of apecifie heate, and te unhtete 

howT^nnination of its actual experimental value for a pven 

gas may teU us something about the types of motionj^ch the 

general connection to consult the references at the end of this 
chapter, particularly Eucken, Jette and LaMer. 


Experimental 

The value of y may be conveniently determined by two ex- 

(A) the Kundt method, and (B) the Clemont 

ftnH Desormes’ method. 


(A) Kumm’s Method 

The velocity with which sound travels through a gas can be 
expressed by the equation 

u * 

^^lere tt = the velocity of sound, p - the pieesim and d = me 
density of the gas, and y = the ratio of the specific heats. This 
equation has been estabUshed both experimentally and theoreti- 
cally (a derivation is given in Edser, Heat for Advanced Student*, 
pp. 325^). Show that the quantities on the right-hand side of 
the equation have the dimensions of velocity. Since the pressure 
and density of a gas are easily determined, the value of 7 can be 
calculated if the velocity of sound in the gas can be measured. 



Expebiicbntal 

Hie apparatus consists of a glass tube. Pig. 10 , about 1.5 meters 
long about 3.5 cm. in diameter, cIosmI at one end with a metal 
or cork cap B, through the center of which passes a long brass rod 
F canying a cork or wooden piston D, which fits loosely inside the 
giima tube. The rod F is fastened securely near its middle (not 
diown in figure) with a set screw, to the cap B. At the other end 
of the tube is a piston E attached to a rod which can be moved in 
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and out through cap A. A little dry cork dust or lycopodium 
powder is sprinkled uniformly in the tube throughout most of its 
length. A current of air dried by passage through anhydrous 
calcium chloride is forced slowly through the tube, by using the 
inlet C and outlet G, and when the tube has been thoroughly 
washed out with the dry air, the screw clamps C and G are closed. 
The rod F is stroked or rubbed longitudinally with a piece of cloth 



Fig. 10 

(such as a towel) dusted with powdered rosin, until the rod vibrates 
strongly. The vibration is transmitted by the piston D to the 
air, and the sound waves which travel down the tube are reflected 
at E and set up an interference train (stationary vibration) when 
the position of E is adjusted so that the distance from D to E is an 
exact number of half wave-lengths. The powder in the tube 
becomes piled into little heaps during the vibration, with the 
heaps at the \nbration nodes. The distance between heaps is 
one-half a wave-length. Obtain the average wave-length in cm. 
Shake the powder again into a uniform layer and redetermine 
the average wave-length. Repeat the determination with the 
tube filled with (1) dr>' oxj'gen and (2) dry carbon dioxide, and 

with any other pure gases which are available. 

It is possible to find the vibration frequency of the rod F with 
a set of standard tuning forks, and then substitute the value for 
the velocity of sound (the product of wave-length and frequency) 
directly in Equation 2, together with the pressure and density and 
solve for -y. The student may, however, avoid the determmation 

of the frequency by taking the velocity of sound ^ ^ 

and then calculating t for oxygen and carbon dioxide. In the 


case 


velocity in oxygen _ nXoacrgqo 



velocity in air 




X^ir 


( 3 ) 


where n = frequency and X = wave-length. Since the rod 
bmtee at a common frequency for aU of thegaeee need. " 

in th. numerator and denominator. The ydocty of round 




ratio of specific heats 


In air may be taken as 


U = 332(1 + 0.00182 1) meters per second, 


(4) 


where t is expressed in degrees Centigrade. Calculate the velocity 

:;'‘ruld ^ .he .he Kundt — 

substitute in Equation 3 to get the velocity in 

cin./sec., in what units must the pressure and density be espreseed 

'th? vrfuM of 7 obtained for oxygee “d 

indicate the number of degrees of freedom, translational, rot»t^ 
and vibrational, possessed by a molecule of these two g^ at room 
temperature. Do the same for any other gases available. 


(B) Method of Clement and Desormes 

When a gas is allowed to expand (or is compressed) isothermaUy 
iC relationship between the initial and final volumes and pressures 

triven bv Bovle’s law, namely, 


Pf = (1) 

Pf Vi 


When, however, the expansion or compression 


relationship is 



is adiabatic the 



where 7 , the ratio of the specific heats, occurs as an exponent in 
the volume term. (For a derivation of this equation, see Edser, 
Heat for Advanced Students, 313-21. Also see Lewis and Randall, 
Thermodynamics, pp. 64-5; and Taylor, ElemerUary Physical 
Chemistry, pp. 102-3; and Eucken, Jette and LaMer, pp. 8^.) 
If a gas is expanded adiabatically and p„ p/, »<, v/ can all be me^ 
tired, the equation can be solved for 7 . This is the principle iur 

volved in the Clement and Desormes* method. 


EbCPBRnOONTAli 

A gIftiM bottle or carboy of 40-^50 liters capacity is prt^ 
vided with a rubber stopper through which are inserted glass tubes 
as shown in Fig. 11. Air is led into the bottle B through the 
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drying tower A, with the stop-cock C open and F closed, and 
the rubber stopper D loosened so that the air can escape. After 
washing out the bottle B for 10-15 minutes with a rapid flow of 
dry air, open stop-cock F, tighten stopper D in the neck and 
gradually close C, so that a pressure somewhat above atmospheric 
is built up in the large bottle. The excess pressure should be 
20-25 cm. on the manometer scale. A safety valve consisting of 
a glass tube running from the carboy under a small head of mercury 
M prevents an accidental blowing out of the manometer hquid 

by too great a pressure. 

For the sake of greater ac- 
curacy, it is better to use a 
liquid of small density rather 
than mercury in the manom- 
eter. Benzyl benzoate (den- 
sity at room temperature = 
1.12), because of its low vapor 
pressure, makes an excellent 
manometer hquid. a-brom- 
naphthalene (density = 1.48 
at 25° C.) and methyl sahcy- 
late (density = 1.18 at room 
temp)erature) also make good 

manometer hquids. The readings on this manometer must then be 
converted to the values which would be obtained if mercury were 
used at 0° (see Exercise II). Density of mercury = 13.6. After 
the shght excess pressure has been produced, let the apparatus 
stand until the air in the bottle has attained room temperature, in- 
dicated by the constancy of the manometer readings. Note the 
final reading carefully. The pressure pi of the confined air is 
equal to the barometric pressure (since one end of the manometer 
is open to the air) plus the manometer reading, in mm. of mercury. 

Now open the bottle by lifting stopper D for an instant and 
immediately close it again. (The exact manner in which the stoj^ 
per is replaced and the precise instant of replacement have a good 
deal to do with the final result, but we cannot discuss here the 
studies that have been made of this effect.) At this moment the 
liquid columns in the manometer arms stand at the s^e level, 
showing that the pressure inside the bottle is atmospheric. Some 



Fio. 11 
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of the air has escaped, and the expansion has been so rapid that 
no appreciable quantity of heat has flowed into the air from the 
surroundings, and hence the expansion is adiabatic. The end 
pressure of this expansion, namely atmospheric, is the p/ of Equa- 
tion 2. The air in the bottle has been cooled, and it should be 
allowed to stand until it again attains room temperature. As it 
warms up, its pressure rises as indicated by the manometer. Let 
Pb represent this bottle pressure of the co nfin ed air (atmospheric 
pressure plus final manometer reading). All the data needed for 
the calculation of y are now available. Repeat the experiment 
as a check. 

The capacity of bottle B must be made large to make sure 
that the expansion is really adiabatic. Gases other than air may 
be employed in this experiment if desired, but the quantities 
required to displace aU of the air, and to fill the bottle with pure 
gas, are rather large. 

Calculation of y from the data: 

In the equation 



Pi and p) have been measured by the student, and Vi, the volume 
of the bottle, could be measured. The only thing needed to permit 
the calculation of 7 is ty, the volume of the gas after adiabatic 
expansion. This volume would be very difficult, if not impossible, 
to measure, since part of the gas has escaped and occupies a small 
volume outside the bottle. But by using a little strategy we can 
get the value of ty, or at least the ratio ly/r,-. After the stopper is 
replaced and the gas in the bottle is allowed to return to room 
temperature, we may imagine the small volume of gas outside as 
being also confined within rigid walls, and as being allowed to 
come back to room temperature. In this way the entire volume 
of gas Vf would at room temperature have a pressure pb, the final 
measured pressure of the gas in the bottle, and since the volume of 
gas Vf would now be at the same temperature as the initial volume 
Vi, Boyle’s law would hold, and 


B. 

Pb Vi 


( 3 ) 
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We may then substitute 


2? for — in Equation 2, and get 
Vb Vi 



Taking logarithms, we have 


and 



7 log 


Pi 

Pb 


^ log pi — log Pf 
log Pi — log Pb 


Sometimes this relationship is given in the form of an approxi- 
mate equation, 

y = pi/(pi — p*), where pi = p» — P/J Pt = Pb — P/> 


e.g., see Getman and Daniels. 

In this method for the experimental determination 

are the principal sources of error? Compare its ac< 
that of the Kundt method. 



Taylor, Chap. III- 
Kodebush, Chap. II. 

Gutman and Daniels, Chap. II. 
Millard, Chap. II. 

Findlay, Chap. II. 

Lewis, A System of Physical Chemistr 
Fucken. Jette and LaMer, pp- 64-92 


m, 3rd Ed., pp- 18-29 


Edser. 

Lewis and Randall. 



EXPERIMENT 6 


THERMAL CONDUCTIVITY OF GASES 


Heat can be transferred through a gas by radiation, convection 
and conduction. At present we are interested in conduction alone. 
In the process of conduction kinetic energy is transferred by 
energy-rich molecules moving down a temperature gradient, from 
a hot to a cooler region of the gas, and by energy-poor mole- 
cules moving in the opposite direction. The specific thermal 
conduction, or the thermal conductivity, of a substance is defined 
as the time rate of transfer (by conduction) of heat across unit 
area through unit thickness for unit difference in temperature. 
The same thing may be said in terms of the equation 



where Jb is the thermal conductivity expressed in c.g.s. units, if 
AQ the heat transferred is expressed in ergs. At in seconds, A 
the area in sq. cm., Tj and Ti in °C., and d the distance of trans- 
fer in cm. The thermal conductivity, which is the proportionality 
constant k in this equation, has different and characteristic values 
for different gases. It is related to other gas kinetic prop)erti6S 
such as diffusion coefficient and viscosity. For example it can be 
shown that 

k = « ■ • C, 


where r] is the viscosity of the gas, C, is molar heat at constant 
volume for the gas, and e is a proportionality constant, which it- 
self is characteristic of the particular gas. It is also true that 
thermal conductivity, like viscosity is independent of the gas pres- 
sure over a wide range. 

It is a somewhat difficult matter to measure the thermal con- 
ductivity of a gas accurately because of the intervention of radi- 
ation and convection. They both are responsible for part of 
the total heat transferred, and reliable corrections cannot be 
easily made for the part they play. Nevertheless, thermal con- 
ductivities can be measured approximately, and they have an im- 
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portant application in gas analysis by certain calibration pro- 
cedures. 

Obviously it would not generally be feasible to employ a cubical 
vessel of gas exactly 1 cm. along an edge, maintain two opposite 
sides at temperatures differing by 1° C., and measure the heat 
carried across it in 1 sec. But by constructing a cell in which two 
parts are kept at constant but different temperatures, one can use 
in it a gas whose thermal conductivity is already known, and thus 
determine the “ cell constant,” and then employ it to determine 

the thermal conductivity of other gases. 

In the following experiment an electric current is used to heat 
a fine platinum wire stretched along the axis of a metal tube kept 
at a constant temperature by immersion in a thermostat. The 
resistance of the platinum wire vanes with the temperature, but 
at a definite temperature it has a defimte resistance. Conversely , 
if it a definite resistance it is at a defimte temperature. This 
is the principle underlying the platinum resistance thermometer. 
Different gases placed in the metal tube conduct heat at different 

This means that in order to maintain the wire at the same 



temperature different amounts of electrical ener^ must be s 
phed. Hence the electric current used to maintain the wire i 
definite temperature U-e., definite resistance) must be different 

different gases. 

The heat liberated by an electric current i is given by 
equation g = J.e-i-t, or g = 


where e is the difference of potential between the two ends ot tne 
wire through which the current flows, t is the current, r the ^ 
Bistance, t the time and J is the constant of proportionality. (U 
q is exp’ressed in calories, e in volts and i in amperes, then J - 

0 239.) 

When a stationary flow of heat has been attained, i.e., when 
the temperature of the wire has attained a constant value, the 
amount of heat given out per unit time to the thermostat m^ 
be equal to the amount of heat generated in the same tune at the 
wire. This amount is directly proportional to the thei^ in- 
ductivity of the gas between the wire and the met^ tute, if we 
neglect radiation and convection. In tubes less than m 

dSneter. convection is negligible. While the radiaUon correction 
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is appreciable we may neglect it in the present 

shown above, it is also proportional to the square of the curre 

which must be used to keep the temperature of the platmum wue 

at the same value for aU the gases concerned. . ^ 

Thus, if we assume the thermal conductivity k of dry to M 
known, that of any other gas may be found by measuring the 
currents which will maintain the wire at the same temperature, 
first with air and then with the other gas in the cell. If be the 

thermal conductivity of the gas, then fcga* = fcair X 
Since in any one experiment the temperature, and therefuic 
resistance, of the wire is kept constant, the only quantity that 

need be measured is the current t. 


gis/ *' air* 


Experiment All 

Construct, or obtain from the instructor, a cell such as is shown 
in Fig. 12. It consists of a brass or copper tube about 10 to 20 cm. 



Fig. 12 


long and of an internal diameter of from 6 to 10 mm., provided 
with a gas inlet at one end and an outlet at the other formed from 
smaller tubes soldered to the main tube. Old cork borers serve 
admirably for this purpose. The platmum wire, w'hich should be 
as fine as is available, say from 0.03 to 0.1 mm ., is faste. e J at one 
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end to a short length of fairly heavy (B. & S., No. 18 or 16) copper 
wire and soldered or clamped to the metal cap C which screws into 
the end of the tube. The most convenient method of fastening 
the platinum to the copper wire is to heat the end of the latter in 
a sma-ll blast-lamp flame until a drop of melted copper is formed 
and then insert the end of the platinum wire in the molten copper. 
The other end of the platinum wire is fastened to two wires, either 
by soldering, or by forming a fused drop, as above: one of these 
is a spring made of chromel wire B. & S. gage No. 28 or 30; its func- 
tion is to keep the platinum wire drawn taut when it expands dur- 
ing heating. The other wire is a much looser coil of No. 26 or 28 
copper wire; its function is to by-pass the current around the 
chromel spring to dodge the high electrical resistance of the latter. 
This copper wire is fastened to both ends of the spring, as indi- 
cated in the figure. It serves as one of the lead-wires, and runs 
out through, and is wedged tightly into, a small centrally drilled 
hole in the insulating cap C'. This wire continues on through the 
cap C' and is soldered to a heavy piece of No. 18 copper wire 
which serves as a more rugged lead- wire, and itself passes through 
a tight fitting rubber or cork plug inserted in a large piece of rubber 
tubing. The rubber tubing is forced over the end of the conduc- 
tivity tube, as showm in the figure, and insulates the lead-w^ 
from the thermostat bath. A binding post soldered to the outside 
wall of the tube serv^es as the other lead, and completes the cell. 
Care should be taken that the platinum wire is straight and is 

centrally placed along the axis of the tube. 

When the cell is used, it is cormected in a Wheatstone bridge 

arrangement as is shown by Fig. 12, where Ri and Rj are two 
variable resistances, preferably of the dial box tj^ie, and Rs is 
a large coil of copper having a resistance of 1 ohm (about 166 ft. 
of No 18 copper wire) or less. R» is made up in this way rather 
than using a resistance box like Ri and R. in order to elimi^te 
the possibihty of a change in its resistance by the heating effect 
of the current. The galvanometer G is permanently connected 
as shown, the desk type manufactured by Leeds and Northrup 
being highly satisfactory. The resistance R controls the current 
from the storage battery B and may consist of a slide w^ rheostat 
of about 20 ohms and another slide wire rheostat of about 1 ohm 

connected in series for fine adjustments. 
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The outside of the ceU is kept at a constant temperature by- 
means of a thermostat. The ceU is fiUed with dry air, the circmt 
is closed by means of the key K, and the rheostat is adjusted to 
give a current not greater than 1 amp. as read on the ammeter 
A (which should be as accurate and sensitive an instrument as is 
avadable), and having set Ri at a definite value, Ri is adjusted 
until the galvanometer shows no deflection. The current is then 
carefully noted. The process is repeated several times, each time 

using E different value for Ri. 

The air is then displaced by the gas of unknown thermal con- 
ducti-vdty and the measurements of current are repeated exactly 
as before except that the values of Ri and Rz are made the same 
as they had been for air and only the rheostat R is adjusted until 
the galvanometer again shows no deflection. From the data thus 
secured the thermal conductivity of the gas may be readily cal- 
culated, assmning that the thermal conductivity of dry air is 

given by (Schneider, Ann. Physik, 79, 201 (1926)) 

- (5.923 + 0.000933 t) X 10- 


where t is the mean temperature of the gas. For the purposes of 
this experiment the temperature of the thermostat may be taken 
as the mean temperature. The average of the values thus ob- 
tained should be taken as the thermal conductivity of the gas. 
Another source of error is the leakage of heat through the ends of 
the platinum wire by metallic conduction. 

Using the above method measure the thermal conducti-vity 
of hydrogen, oxygen, carbon dioxide, illuminating gas and of 
several mixtures of carbon dioxide and hydrogen of known com- 


position. 

For the last part, mixtures of the two gases may be readily meuie 
by displacing a salt solution pre-viously saturated with the gases 
in an inverted liter graduated cylinder. This is closed with a large 
two-hole stopper through one hole of which passes a long capillary 
glass tube reaching to the end of the cylinder and through the other 
hole of which passes a connection to a reservoir for adjusting the 


levels of the liquid. 


The reservoir may be conveniently made 


from a bottle whose bottom has been removed. 


Plot the thermal conductmt-v of the easeous mixtures aearnst 
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their composition, expressed in volume percents, and indicate 
how this method might be used to determine the composition of 
gases. In such a calibration procedure would the errors introduced 
by radiation, convection, or other heat leaks, make any appreciable 
difference in the gas analy^? In the best actual practice this is 
not exactly the procedure which is generally followed, although 
the method used does depend upon the different thermal con- 
ductivities of the components of the gaseous mixtures. For further 
details the student is referred to Palmer and Weaver, But. Stand- 
ards, Tech. Papers, No. 249, or to Weaver et al., J. Ind. Eng. 
Chem., 12, 359, 894 (1920). 


Loeb’s, Kinetic Theory of Gases, pp. 201-18. 

Oushm&n’s, High Vacuum^ Chap. I. 

Lamaon and Robins, J. Pharmacology and Experimental TherapeuUce^ 34, 
325 (1928). 


EXPERIMENT 6 


HIGH VACUUM TECHNIQUE; MERCURY VAPOR PUMP; 

MCLEOD GAGE; VAPOR PRESSURE BY EFFUSION; 

PREPARATION OF POROUS COPPER MEMBRANE 

With the experience which the student has already had in 
glass-blowing in Exercise IV^, and with a little more practice 
and patience, it will not be difficult for him to construct a simple 

mercury vapor pump and a McLeod gage. 

Mercury Vapor Pump. F'irst look at Fig. 17(a) and (h), to 
see the form of the finished pump. Mercury vapor, coming from 
the hquid mercury heated in flask F, passes up the long tube i 
and sprays out of jet J into condenser S (water cooled), conden.scs 
and returns by gravity to flask F. When an oil pump, or other 
“fore-pump,” capable of producing a vacuum of about 0.1 ram. 
is attached to the outlet P, the spray of mercury vap^)r i.ssuing 
from jet J will knock air or other gas molecules along ahead of it, 
and produce an exceedingly good vacuum in a closed vessel at- 
tached to inlet L'. 

The mercury vapor pump is to be constructed out of pi/rex 
glass. A large tube, 25-30 mm. inside diameter, and about 25 cm. 
long, is drawn out (use a mixture of oxygen and air in gas flame) 



-W, 


Fig. 13 Fia. 14 


and rounded up into test tube shape, at one end. A cork to fit 
the open end of this tube is bored to hold the inner tube of the 
condenser, about 12 mm. inside diameter. The latter should 
then be flanged to about 15 mm. at one end and in.serted so that 
its lip rests on the curved portion of the closed bottom of the outer 
tube, as shown in Fig. 13. The inner tube should be about 10 cm. 


longer than the outer tube. If desired, the inner tube may be 
constricted at several points into a series of bulbs, S, Fig. 17. 
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This produces a slight injector action as well as a turbulent flow, 
and increases the rate of condensation in the completed pmnp. 

Next, a side tube (water tube Wi in Fig. 17a) is added to the 
outer condenser jacket, as near the end as is possible, without 
deforming the flanged inner tube. The inner and outer tubes are 
then sealed together at the flange, by warming evenly the whole 
rounded end. A tube about 15 cm. long (which is eventually to 
carry the tube L', Fig. 17) and of approximately the same diameter 
as the outer jacket is constricted slightly (this is best done by 
closing one end and blowing a hole of the desired size in it) so as 
to match the flanged end of the inner tube. At this point, the 
closed end of the inner and outer tubp, previously sealed together, 
is blown out completely, the excess glass trimmed off, and while 
the end is still hot the Im^ constricted tube should be sealed on. 

Fig. 14. 



Fia. 15 Fia- 


The water tube W, is next sealed on the condenser jacket at 
a point about 12 cm. from the tube Wi and on the opposite side. 
The remaining open end of the condenser is closed by sagging the 
outer tube on to the inner one and pulling both off together. 
Thus far the job resembles the form shown in Fig. 15. This seal 
is then rounded off, blown out and to it, while still hot, is sealed a 
tube (which is eventually to cany P) of the same bore as the 

inner tube of the condenser. 

The large tube at the upper end of the condenser is next sealed 
off at a point about 5 cm. above the inner seal and a hole about 
16 mm. in diameter is blown in the closed end. A tu^ approx- 
imately 12 mm., inside diameter, is flanged to fit this opening. 
The jet tube, which should be 3 to 4 mm. smaUer than the mner 
tube of the condenser is flanged to fit the inside of the 12 
tube and is sealed inside it at a point 1-2 cm. above the flanged 


end (Fig. 16). 

The jet tube should extend about 2 cm. 


below the aide tube Wi 
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of the condenser. The efficiency of the pump is increased if the 
jet tube is flanged slightly at its lower end. It is important 
that the jet be square on the end and well centered. The tube 
holding the jet is sealed to the large tube above the condenser. 
The jet may be centered by softening this seal and working the jet 

to position. 

ITie lead tube, L', to the vacuum line is sealed on midway be- 
tween the inner seal holding the jet and the upper end of the con- 
denser. The tube, P, leading to the oil pump is sealed on just 
below the condenser and the pump is then completed as shown in 
the figure. A 50 cc. pyrex distilling flask may conveniently be 

used for the bulb. 

The long vertical tube T should be insulated in some way, 
by wrapping it with a layer of asbestos rope, or by plastering over 
it a plastic paste of shredded asbestos and water glass, and aUow- 
ing this to “ set.” The mercury flask may be heated electrically 
or with a small gas flame. A fairly rapid stream of cold water 
should flow through the condenser, in at W 2 and out at Wi. 

McLeod Gage. Figure 17 shows the arrangement of the mer- 
cury vapor pump, the McLeod gage and the large pyrex tube LL, 



(a) (b) (c) 


Fiq. 17 

leading to the S 3 rstem to be evacuated. The McL«eod gage may 
be made either of pyrex or soft glass. In the former case it is 
sealed directly on to LL at K. In the latter case the soft glass is 
sealed to a pyrex side arm at K with de Khotinskv or other eement. 
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The exact dim ensions of the gage and its various parts will not 
be given, nor are they important. Figure 17(c) is drawn roughly 
to scale, and dimensions of this apparatus may be varied consider- 
ably depending on the purpose in view. 

The gage itself is made of a 100-200 cc. flask, G.F., to the top 
of which is sealed a capfllary, Capi, which is closed at the upper 
end. This capillary may be 1 mm. or less in inside diameter, and 
in the case of soft glass, it may be conveniently made from a 
graduated capillary pipette tube. Otherwise, if made from 
pjTex, the capfllary must be marked off by etchi n g volume di- 
■^Tsions, of say cubic mm., throughout its entire length, rinless of 
course a p 3 rrex capfllary pipette is available. The calibration of 
the volume intervals, etched on the capfllary, should be accom- 
plished by filling to several of the marks with mercury and 
weighing, before sealing the capillary to G.F. To the lower end 
of G.F. is sealed a vertical tube, 7-8 mm. inside diameter, leading 
down into a well of mercury in the 3-neck Wolff bottle Bi. Sealed 
on to this tube at Z is a side-arm tube of s imil ar diameter, leading 
up to K ; and sealed into the side-arm tube at two places, as shown 
in the figure, is a capillary tube. Caps, of the same diam eter as 
Capi. One of the necks of bottle Bi is sealed with a rubber stopper 
securely seated in place, and in the other neck is fastened a rubber 
stopper bearing a 3-way stop-cock Ci. One arm of this cock is 
drawn to a fine tip, which opens to the air, Tipi in the figure. 
The other arm is connected to the suction flask S.F., which in turn 
is connected to a water pump (not shown in figure). The total 
volume of Capi and of G.F. down to Z must be known, and can 
be determined by filling with mercury and weighing before the 
assembly of the apparatus. Let us call this volume V. 

The gage functions as follows. When the connecting tube LL 
is sealed at L' to the mercury vapor pump, and is either closed 
hermetically at the right-hand end, or is sealed to a closed system 
which is to be evacuated, and when a fore-pump is connected to P, 
and the mercury pump has begun to operate, a good vacuum ^ 
soon be created in LL, and also of course in G.F. and in the othOT 
portions of the gage. In fact the pressure in the gage wfll the 
same as in LL. To prevent the mercury in Bi from ^mg drawn 
up into G.F. before we are ready for it, stop-cock Ci is opened to 
the water pump (with stop-cock C, doted). Then, when the mo- 
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ment has come to measure the gas pressure in LL, stop-cock Ci 
is turned to Tipi and air slowly enters forcing mercury up the 
tube. At Z the mercury column divides, part of it gomg up mo 
G F and trapping off a volume of gas (air) equal to V, referred 
above. This gas is compressed, as the mercury piston continues 
to rise, until finally all of the air has been pushed mto the capillary 
Capi. The pressure of this compressed volume of air (m Capi) 
can now be obtained by measuring, on the miUimeter ^ale, te 
difference in level between the mercury in Capi and Cap j, be- 
cause in the meantime, the other mercury column, which divided 
at Z, has risen in the side arm and in Cap 2 , and the air above th^ 
columns of mercury is not compressed, but has the pressure of t e 
vacuum which the mercury pump is maintaining. Cap* is made 
the same size as Capi and the pressure reading is between the 
mercury levels in Capi and Cap 2 , rather than between Capi and 
the larger side-arm, to avoid the capillary depression correction. 

We can calculate the pressure in the gage at the time that the 
air is trapped off at Z by using Boyle’s law: P/p = v/V. where 
P = original pressure (to be calculated), p = pressure in Capi, 
t> = volume of air in Capi, and V = total volume of G.F. The 
sensitivity of the gage depends on the sizes of G.F. and Capi. 
With the dimensions suggested above, the gage can easily be read 
to 10-^ mm., and estimated to lO"®. The presence of mercury 
vapor in the gage does not interfere with its action, since this 
vapor is condensed out on the liquid mercury surface as the air is 
compressed. At room temperature mercury has a vapor pressure 
of only about 0.001 mm. At the completion of the determioation 
the mercury in G.F. can be made to drain back into Bi by opening 
stop-cock Cl to the water pump. The pressure of vapors and 
easily condensable gases cannot be measured satisfactorily with 
a McLeod gage. The vacuum may be conveniently broken by 
scratching the fine drawn-out tube V.B. with a file, breaking it 
off near the tip and placing a fiinger over the hole to regulate the 
intake of air. Then the tube is to be repaired, of course, by seal- 
ing it again. 

An added feature of the apparatus, which is often convenient 
although not at all necessary, is the large U-tube mercury seal, 
shown just to the Irft of the gage in the figure. If stop-cock C 2 is 
turned to the water pump the mercury is kept in the well B 2 ; but if 
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Cj is opened to the air through Tip 2 , mercury may be made to 
rise up into the U-tube and shut off the merciiry vapor pump from 
the rest of the apparatus. 

Such a mercvuy vapor pump, if correctly made and properly 
operated, vrill quickly produce a vacuum of 10“^ to 10~* mm. It 
is not necessary to make the mercurj’^ in flask F boil violently; a 
gentle evaporation suflBces. It is best not to heat it at all imtil 
the fore-pump is working. Theoretically, there is really no limit 
to the degree of vacuum which can be obtained. In practice, how- 
ever, gases and water vapor, adsorbed on the inside glass walls 
and dissolved in the glass, slowly escape and spoil the vacuum to 
a shght extent. It is absolutely necessary of course to stop up 
aU leaks. Tiny pin-hole leaks are especially likely to be found 
around the glass joints in the apparatus. A good way to locate 
these is to connect one end of the secondary of an induction coil 
to a piece of wire (tungsten in the case of pyrex, and platinum in 
the case of soft glass) sealed through the apparatus wall at some 
convenient point, and then to probe around with the other end 
of the secondary (should be tied to the end of a long glass rod 
handle to insulate it from the hand of the operator). An easily 
observable spark will jump to any leak-holes. Or one of the 
usual leak testers, which operate on the induction coil principle, 


may be employed. 

Finally, since mercury' vapor is omnipresent in such an apparatus 
as that shown in Fig. 17, it should be pointed out that if one 
wishes for any reason to prevent the entrance of mercury vapor 
into the sj'stem to be evacuated, attached to the right-hand end 
of LL, it will be necessary to insert a glass trap, immersed in 
hquid air or in a dry' ice — acetone mush, to condense the mercury, 
and thus stop its penetration. Such a trap is shown below m 
Fig. IS. Recently, to avoid the necessity for such a trap, certain 
very non-volatile organic liquids, such as butyl-phthalate, with 
vapor pressures only about l lOOO that of mercury, have been 
substituted for mercury in the pump, with a good deal of success. 
The jet J must be very carefully made, however, for these sub- 
stances, and is probably more satisfactory when constructed of 
metal. ' (See Hickman and Sandford, Rev. Set. Instruments, 1, 
140 (1930); Estermann and Byck, ibid., 3, 482 (1932). In such a 
eet-up without a mercury vapor trap, however, the McLeod gage 
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vtdeh involves the use of mercuiy, must be omitted. Other types 

of gages may be used. . . 

The fundamental purpose of these directions for the cons^<^ 

Lanipulation of a mercuiy vapor pump and a McLeod 


III ■!! 


tion aiav* - - - V. . 1 

gage is to acquaint the student with the details of powerful 

technique, and to encourage him to acquire some skill in its u^ 

There are numerous interesting things which can be done with 

such an apparatus. We shall now surest only two expenments, 

which the student may or may not care to perform, to illustrate 

partiafly the possible appUcations of this high vacuum technique. 

Vapor Pressure by an Efihision Metiiod. Construct out of glass, 
preferably pyrex, the apparatus shown in Pig. 18; or obt^ it 
from the instructor. A trap T, later to be immersed in liquid air 
or a nriiish of dry ice and 
acetone contained in a ther- 
mos bottle or Dewar tube, 
is sealed to LL in Pig. 17, 

janHifig to the mercury-vapor 

pump and McLeod gage. To 
the other end of the trap is 
sealed atube of the indicated 
form. To the large open end 
of this tube P a brass form 
B is attached, with a her- 
metical seal, using pioein, 

or beeswax or paraffin. This form B may ea^y be turned out 
on a lathe &om a solid cylindrical piece of brass about 3 to 
4 cm. in diameter. Pitting inside the form B is a pill box H, 
also made of brass, 2.5 to 3 cm. diaipeter, with a brass lid which 
screws on tightly enough to be leak-proof, or can be made so by 
using lead bushingp. A hole about 5 mm. in diameter is drilled in 
this lid, and a piece of thin brass or copper or platinum foil is 
soldered over it. Then a small hole about 0.5 to 1 mm. diameter 



h e rm 0 s t a I 



1b lifeUM 
gage gad 





Fig. is 


is punched in the foil with a needle, and the ragged edges are 
removed. The area of this hole is measured in a microsoope 
provided with a calibrated scale in the eyepiece. 

The procedure involves determining the weight of a somewhat 
volatile substance, like aniline or na phthafinR ^ lost by effusion 
out of the inU box tiirou^ the hole into the vacuum in a known 
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fiinft. Naphthalene is a good working snbstance. Obtain a 
samplft of pure naphthalene, introduce some of it into the piU bo^ 
melt it and allow it to cool and soUdify, so that the bottom of the 
box is covered to a depth of not more than about 1 mm. Screw 
on the lid tightly and wei^ to 0.1 mg. Sip pill box into form B, 
and with as little warming as pos^e, seal form B to the ^ass 
tube with wax so that there are no leaks. Thmt immerse it in a 
large beaker of water band-regulated to 25° C. Introduce the 
trap into the liquid air or dry ice mudi, and turn on the mercury 
vapor pump, which should previously have been made tesdy for 
instant use by a preliminary wanning up of the mercury. Start 

time on a watch at once and let the effusion c on t inu e 
for about an hour of measured time, at a pressure, measured on 
the McLeod gage, at least as small as 10-* mm. If it is as smaO 
as it will iTnakp! no difference how much smaller it may be. 
Then stop tiie pumps (at the end of an hour). Break the vacuum 
at V.B. Fig. 17. Remove form B and again wei^ the piD-box. 
The determination should then be repeated, but for otiy about 
half an hour. By subtracting the loss in half an hour frran the 
loss during the full hour, obtain the true loss during half an hour, 
with correction automatically made for the uncertainty a bout 
just exactly whmi the good vacuum takes hold during the first few 

minutes of the run. 

Aasuming that the pill box is saturated with the naphthalme 
vapor ♦-Kr mighn iit the determination, and that the thermal oofr 
ductivity of the naphthalene layer is sufficiently good to maintain 
it constantly at the thermostat temperature, calculate the v^ior 
preasuie, p, of the naphthalene, using e.g.8. units, and finally c^ 

verting the answer to inm. <rf mmcnry, ftwn the foDowing eqaatkm 

(see BoddNuh, p. 22), 


P 





2wBT 


where g = grams lost by effusion, A - area of 
M = iMleeular weight, « = gas constant ^ ^ 
temperature of thermostat. This equation holds stne^ ^ 
when the walls of the evacuated glare tube are 5^ 

tlM! effiision hole, or when tire wallB are rrmde BO aoM tirat ^ 
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ngninj or at ksfit have no chance to be reflected back into the 
pill box through the efifuaion hole. In the set-up described above, 
the effusion hole is so small compared with the diameter of the 
glnjaa vessel that no appreciable error (less than 1%) occurs due 
to the re-entry of vapor molecules through the effusion hole. 
To be successful this determination must be carried out with a 
vacuum good enough (about 10~* mm.) to make the mean ftee 
path of the vapor molecules, after they escape firom the effusion 
hole, very long. The student may consult J. Am. Chem. Soc., 
47, 2115 (1925), for comparison data on vapor pressure of naphthar 
lene. 

Preparation of Porous Copper Membrane. Cut out a piece, 
about as big as a postage stamp, of very thin “ shim ” brass, 
about 0.001" thick, such as is used in bushing automobile bearings, 
and place it in a quartz test tube 2 to 2.5 cm. in diameter, the 
open end of which is then drawn down and sealed on to a quartz 
tube 8 to 10 mm. in diameter and about 25 to 30 cm. long. This, 
in turn, is sealed on to the LL tube of the vacuum system in 
Rg. 17, either with a " quartz-pyrez seal,” or by using de Ehotm- 
sky or other vacuum-tight cement. Heat the quartz test tube 
containing the brass foil in a small electric furnace at about 600° C. 
(a good red heat) for about 20 hours, with the vacuum pump 
operating at a pressure as low as Iff^ cm., until all or nearly all 
of the zinc has been distilled out of the brass, as indicated by the 
deposition of zinc in the quartz tube just outside of the furnace. 
If a cement has been used to make the union to LL, it is well to 
keep the joint cool by directing a jet of air on it. 

The copper foil which is left behind after the imnoval of tiie 
zinc (about 30-35% of the total weight of brass is zinc) is finely 
porous. Although no holes or porosity can be observed even 
with the most powerful microscopic observation, such a porous 
membrane will pass small gas molecules like N*, O*, (X)*, CH«, etc., 
but will stop large molecules like GtEU • CEU, — O — GiH^ 
etc. This can readily be demonstrated by placing the copper 
membrane in a leak-tight holder between two leveling burettes, 
containing various gases, manipulated with mercury. The rate 
of transpiration can be diown to be directly proportional to the 
difference of pressure on the two sides of the membrane, thus 
proving that the flow of gas molecules through the pores of the 
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moxnhranft is of the vtolecular type, rather than viscous fiow, 
the latter being proportional to the difference of tJie squares of 
the pressures. This porous copper foil may also be used as an 
osmotic pressure membrane, between water and a cane sugar so- 
lution, for example; althou^ the rate of osmotic flow is very 
gmall For details, see J. Am. Chem. Soc., 66, 1324 (1933). 

Rxfbbxncbb: 

Dashmaiit High Vacuum^ 

Dtt Noyer and Smith, Vaemm Fradk^ G- Bdl & Sona 
Hobs, EUcbvn Phgsiet, 


experiment 7 

DETERMINATION OF THE VAPOR PRESSURE OF 

ACETIC ACID BY THE USE OF THE DUMAS BULB 

Directions. Put a right angle bend in tixe tube of a D uma s bulb 
two inches from the end. Wei^ empty, then fill with distilled 
water and weigh ^gain. (The bulb is best filled in the following 
way. Fill an 800 cc. beaker half full of water, add about 50 grams 
of salt, and bring it to the boiling point. Immerse the bulb for 
one minute, withdraw and place tip under distilled water. When 
all baa sucked in that will, heat bulb now partially filled with water 
in water-bath until steam has been ^nerated in bulb for five 
Ttiifnitpa Without any cooling immerse end of tube under distilled 
water.) Empty the bulb, dry inside, and introduce about 5 cc. of 
gla/»ial acetic acid. Weigh again and place in a thermostat which 
consists of a 1-liter beaker 2/3 full of water, hand regulated to 
30“ C. ± 0.5“. After ten minutes read the barometer and put 
the end of the tube in a beaker of distilled water which has been 
cooled to 0° C. by a saUrice mixture, and place the bulb in an 
ice-water mixture. When water has ceased to flow in, remove 
bulb and weigh again. When removing bulb, the thumb should 
be placed over the tube tip and the bulb should be slightly tilted 
until the wat^ in the tube has drained into the bulb. Failure 
to do this will result in loss of some water due to spurting when 
the air in the flask e:q)ands upon warming. Weighing need only 
be to 0.1 gm. in each case. Repeat the experiment. (It is not 
necessary to repeat the weighing of the bulb full of water.) 

Principles Involved. This experiment involves Dalton’s Law of 
Partial Fiessures. It is assumed that the bulb is filled with air 
and acetic add vapor before cooling, and with air and water vapor 
only, after cooling. E[howing the barometric prrasure and the 
partial premure of the air the vapor pressure of acetic add is 
determined by difference. 

(Question. Why could not the vapor piessoie of bensene be 
determined in this way?) 
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0.5“): 

(a) 


1. Condition at Ti — (30“ C 

(Pb — Phac)Pi = NaRTi. 

Pb = barometric pressure. 

Pbac = vapor pressure of acetic acid at Ti. 

'Pj = volume occupied by gases at Ti. 

= volume of bulb minus volume of HAc (liquid) 
Na = mols of air in fladc at Ti. 

Ti = 30“ C. ± 0.5“ = 303.2“K ± 0.5". 

2 . 


Condition at To = (0“ C.): 

(Pb ~ Piv)Yo = NaBTq. (b) 

Pb — barometric pressure. 

Pit = vapor pressure of water at 0^ C. = 4.57 mm. 
Vo = volume occupied by gases at To. 

Na - mols of air in AmIt at To, same number as ai 

ro = 0“C. = 273.2“K 
Pb * Vi — Na^^Ti ■ 


Yi 


from 


Subititate firom Equation (b) for Na to <tetenmne pasc 
teawia of ex pe riment al quantitieB. 


Tkylar, Oiapk 

Chap. n. 

fVibnnn and PairiwlHi Ch a p VIL 
lliDaid. Chap. n. 

RndliVi Chap II> 


EXPERIMENT 8 


VAPOR PRESSURE MEASUREMENT; A BOILING 

POINT METHOD 

The vapor preesures of many liquids, and their vapor pressures 
as a function of temperature, can be determined with considerable 
accuracy by measuring their boiling points at various pressures 
(one of the so-called “ dynamic ” methods). The accuracy attain- 
able is sufficient for most purposes, and indeed is all that is gener- 
ally justified by the purity of the material, unless extreme measures 
have been taken to achieve exceptionally high purity. 

ExferimbntaXi — Vapob PBESSimB OF Watek 

Figure 19 shows the arrangement of the apparatus. Distilled 
water is placed in the boiling tube T, which is provided with a 
side arm cooled by a short condenser C (see Eixp. 15 for a^more 
convenient form of con- 
denser), and is further con- 
nected with a mercury man- 
ometer M and to a large 
bottle S of 5-10 liters capaci- 
ty. The manometer scale 
should be about 85 cm. long. 

S is connected to a good 
water pump through the 
stop-cock A by means of 
which the system may be iso- 
lated £rom the pump. By 
regulating the flow of water 
in the pump, and by let- 
ting more or less air leak in 
through stop-cock B, the 
pressure in the system can be adjusted and controlled within quite 
narrow limits. The reservoir of air in bottle S helps to smooth 
out ai^ small, insularities of pressure in the system, and in addi- 

^n the bottfe ^rves as a trap in case any water is aoeidenta^y 
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sacked over from the pump. The bottle should be encased m a 
jacket made of heavy doth to catch the flying glass in case the bdtk 

coBapses. 

The water is heated with a small flame (micro-burner), the 
pressure is adjusted, and the thermonieter and manometer readr 
inga talrflii as the Water just b^ns to boiL Because of possil^ 
variations in the sise of the glass tubing, both levels in the manom- 
eter should be read. Little difficulty should be encowtered in 
obtaining constant temperature and pressure reading when 
working near atmospheric pressure, that is, with small difference 
in level between the mercury columns in the two manometer arma 
But at low pressures, especially in the r^on 30-45 mm., which is 
about the lower working limit, three difficulties develop, (1) bump- 
ing (2) pressure fluctuations, (3) temperature fluctuations. If 
(l) ’and (2) can be avoided, (3) tends to disappear. Bumping not 
only causes temperature fluctuations but may force most of the 
water in the boiling tube over into bottle S. Bumping may be 
largely prevented by adding small bits of porous plate, or la^ 
Bised^bullator tubes. It wfll be found that pressure fluctuata^ 
occur unleffi the suction pump is given careful attention. The 
Btop^sook A may be closed, thus disconnecting the ^yst^ from 
the pump, and thus constant pressure can be mamtam^ for each 
reading But in order to do this all the connections in the app^ 
tus must be covered with shellac and made complet^ air-tigjit. 
If the mercury manometer columns fluctuate up and down ^ 
avoidably, due to bumping, take the avera^ poto of tte 

column, as nearly as it can be estimated, “ 

Boiling point reading? should be obtained for at 1^ to 

difteert km p.^ by p™ W 

low as poffiible with the water pomp firat, andtheo hmal^ 
partial vaeumo, hy mampolatiog =*»P^ to 

rise Waif of the readings should be above 400 m^ 

themometer is read when its bulb is m a partial v^um rather 
than at atmoapheric pteaaure lies within to 
ood may Im 

should, however, be made, llus may iw « 
following equation _ j.,) 



VAPOR PRESSURE MEASUREMENT 79 

whae Te is the corrected temperature, To the observed temperar 
ture, Tm the average temperature of the emergent mercury thi^ 
measured with another thermometer, I the length m degrees of the 
emergent thread, and 0.00016 is the apparent coefficient of expan- 
sion of mercury in glass, that is, it is the difference between the 

coefficients of expansion of mercury and glass. 

Plot a curve, making your observed pressures the ordinates and 

corrected temperatures the abscissas, on an extra large piece of 
co-ordinate paper, and on the same sheet for comparison plot the 
vapor pressure data for water given in the Landolt-Bomstein 

Tables or in other tables of data. 


CAIiCOIiATION OF HbAT OF VAPORIZATION 

Using the Boltzmaim factor treatment for thi s situation we get 

X 

rk 

where n, and fij are the numbers of molecules per cc. in the vapor 
and in the liquid, and X is the total work required to transfer a 
mol from the liquid to the gaseous state. Since tii changes only 
slightly with changing temperature, we may write nt/iH = p/C, 
where p represents the vapor pressure, i.e. the pressure of the sat- 
urated vapor, and C is a constant. Hence 


P _ 

C 


^ 

e 


Taking logarithms, we get 


Inp = 


RT 


+ In C, or 






To determine the rate of variation of In p with changing temperar 
tore, let us differentiate with respect to Ti 

d In p _ X 
dT ~ RT*' 



Hub is the Oapeyzon-Clausius equation.' 

Several diffraent methods may be employed to calculate the 
heat of vaporisation from the vapor pressure data. If the dapey- 
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Equation 2. CJompare your result with the value given in stand- 
ard tables for the heat of vaporization of water. . 

One disadvantage of the method just described is that the data 

selected for substitution in the empirical equation in the valua- 
tion of the constants may not be representative data. One cm 
generally be guided, however, in the selection of the data by the 
fTiftTinBr in which the plotted points fall along the smooth curve. 
After the empirical equation has been foimd, it should be used to 
predict a number of points along the curve, as a test of whethCT 
the equation really expresses the data within the limits of experi- 
mental error. 

In the plot of vapor pressure against temperature a graphical 

determioation of the tangent or slope ^ of the curve at any 

temperature point permits a calculation of X to be made, since 
Equation 2 can be written in the form 

dp _\-p 

dT~ RT*’ 

Recently a clever device known as a “ tangentimeter ” has been 
described by Latshaw («/. Am. Chem. Soc., 47, 793 (1925)) for 
drawing the tangent to a curve at any point. It consists of a steel 
square B with a mirror mounted on one leg, so that the reflecting 
surface, either of polished speculum 
metal or a thin glass mirror, is at A, 
and is mounted so as to be normal to 
the edge ab (Fig. 20). “ When the 
nlirror is standing across a given curve, 
and is normal to it, there will be no 
break between the curve and its image 
at the foot of the minor; any devia- 
tion from the normal will cause a 
noticeable break. Obviously, then, the 
line ab will be parallel to the tangent 
at that point, and the numerical value of the tangent can be ob- 
tained from its intersection with the abscissas and ordinates of the 
paper on which the graph is plotted.” 

Calculate the heat of vaporization from the slope, malring use of 
a tangentimeter, or any graphical or other method for deteimining 
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iaDg^nts, and compsue with the lesult obtained by the empiiical 
equatioii method. 

Note on Bumping. The boiling point of a liquid may be defined 
as the temperatuie at which bubbles foim in the interior of the 
liquid. If these bubbles are fonned and if they are to grow in 
size, the pressure of the vapor inside the bubbles must be a little 
greater than the combined pressure of the atmosphere and the 
hydrostatic pressure of the liquid. As the bubble grows, the 
surface tension of the bubble film must also be overcome. It 
be shown thermodynamically as well as experimentally that the 
vapor pressure of a liquid at a concave surface, such as the inaiHft 
surface of a bubble, is smaller than at a plane surface, and that 
the greater the degree of curvature of the surface, that is the 
smaller the bubble, the smaller will be the vapor pressure. Now 
when a liquid boils the bubbles must all pass initial^ throu^ the 
stage of very small size, and it is precisdy in this stage that tiie 
vapor pressure is abnormally low. Hmice the temperature of the 
liquid must be raised above the true boiling point, and when the 
bubbles are produced they form with semi-^plosive violence. H, 
however, ebuUator tubes, or pieces of porous plate, or other inert 
materials be introduced, which give off air bubbles of relatively 
laig^ size, the liquid can then evaporate at its normal vapor 
pressure through the comparatively flat surfaces of these babbles^ 
In a certain sense the liquid may be thought of as being slig^tiy 
supersaturated with its own vapor, which is given off when seeded 
with bubble surfaces of amall d^ree of curvature. 

Rbfebbncbs: 

Tayl<»^, Chap. IV- 
RodriniBh, Chapa. Ill and VI. 

Getman and Daniria, Chapa m and VL 
Millar d, Chap. HL 
Fmdlay, Chap. IV. 


experiment 9 

measurement of liquid DENSITY; HEAVY 

WATER; CONSTANT BOILING HCl; ETC. 


In chapter some of the standard methods 
ment of the density of liquids will be briefly described, and at toe 
end several suggestions for application of the technique, which 

the student may undertake with profit, will be made. 

(1) Where no great accuracy is required, a set of toe usual 
floating hydrometers, scaled for various ranges of density, may 

be conveniently used. 

(2) Or, if it is required to determine toe density to toe 4to 
decimal place, 0.0001, the MohivWestphal balance, shown in 
Pig. 21, is satisfactory. This balance consists of a beam B sup- 
ported on a knife 


id provided at the left-hand 
end with a counterpoise C, 
and a pointer which moves 
over a scale. At the right- 
hand end is a knife edge 
from which is suspended by 
a pifttifiiim wire a glass bob 

A (Sometimes toe thermom- 
eter, shown here clipped on 
to toe side of toe containing 
vessel, is incorporated in toe 
bob.) The instrument is so 
arranged that when it is 



Fro. 21 


} screw L, and when toe glass bob is hangin g in 

air, toe is perfectly balanced. If it is not, adjustment of 

toe coimterpoise C will make it so. 

The bob A has a definite volume, e.g. 10 cc., and when it is 

completely immersed in a liquid it is therefore buoyed up by an 
nmniiTit. aqiial to the Weight of the 10 cc. of liquid displaced. If 
thin wei^t were then hung on the hook H, while the bob is im- 
mersed in toe liquid, the beam would be brou^t back to toe 

original condition of balanoe. In toe case of water at 25° C., 10 
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oc. weigh 9.971 g. and a w^ght of this mudi, generally of hoise- 
shoe shape, is provided to be hung on hook H to achieve Vmlainwl 
equilibrium. When liquids of density greater than 1 are in- 
volved, the horse-shoe weight is used; when less than 1 it is not 
needed. A set of smaller weights, 0.1, 0.01 and 0.001 of the 
magnitude of the large weight, may be hung on pegs or in notches 
spaced along the beam at distances equal to 1/10 the distance from 
the knife edge K to the knife edge at the right-hand end. Hence 
by placing these fractional weights along the beam until equUih- 
rium is attained, the density of the liquid may be determined. 
The surface tension effect where the platinum wire pierces the 
liquid surface is negligibly smaU. 

(3) The pycnometer is one of the most convenient instruments 
for obtaining hi gh accuracy in determination of densiiy. It may 

the form of a epedfie graxity bottle, shown in 
Fig. 22. An accuraey to the 4th or 5th decimal place 
<»n.fi be realised, depending on the size of the bottle, 
the bore of the capillary, and the temperature con- 
trol. The bottle is filled with the liquid, and then 
the ground glass stopper is inserted, so that the 
nft pillaiy tube in the stopper is filled. The over- 
flow of liquid which spills out, as the stopper is 
pressed into place, is carefully wiped off with a pi^ of ab- 
sorbent cloth. The volume of the bottle is first ^^temuned 
by filling it with distilled water, from which the disselrad air has 
been removed by boiling, or in a vacuum desiiKglisr, and th^ 
weighing. The liquid, the density of which is t^be determined, 
is tfinn introduced in the same manner into the dean, dry bottle, 
and weighed. The largest error is due to evaporation, both from 
the capillary, and particularly through the ground glass joint. 
, «gAT p nt.innBa a gTOund glasB Cap is provided to cover the top of the 
bottle, its function being to cut down the evaporation, and also to 
catch any liquid which would otherwise spill out by expa^on, 
in the temperature of the balance case, where the weighmg is 
is fiigliftr the temperature at which the bottle is filled. 
Many modifications of the specific gravity bottle are in common 
use, one of which is provided with a thermometer inside the botfle. 
If the conditionB of the determination justify it, the correction fw 
buoyancy of air should be made (described below). 
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measurement of liquid density 

An excellent form of the pycnometer is the Ostwdd type, 
shown in Fig. 23. This pycnometer is also filled first with water 
and then with the Hquid whose density is being sought. With a 
pycnometer glass bulb as large as 100 cc., and with capillary arms 
of a httle less than 1 mm. bore, and with careful weighing to 0. 1 
mg., it is possible to determine density with this instrument ahnoet 
to 1 part in a Talli nn. The pycnometer should first be thoroughly 
cleaned, inside and out, rinsed repeatedly with distilled water, 
and dried thoroughly. Then it is immersed in the water of a 
thermostat bath (say at 25°) to wet it on the outside, and is rubbed 
dry for 1/2 minute with an absorbent cloth. This procedure is to 
reproduce the same sort of treatment of the glass before the empty 
' pycnometer is weighed as must be carried out later with the 
filled pycnometer. Weigh. Then the pycnometer may be filled 
with hquid (water first) by attaching a flexible rubber tube on the 
right-hand arm and sucking hquid in 
through the tip of the opposite arm. 

The pycnometer is then immersed in a 
horizontal position into the thermostat 
water, with temperature control to 0.01°, 
up as far as marks A and B on the capil- 
laries just above the platinum wire, by 
which th| instrument is to be suspended 
(both in the thermostat and in the bal- Fio. 23 

ance). Allow it to stand in thermo- 
stat for 30-40 minutes, and finall y adjust the meniscus on the 
left and on the- right so that they both stand exactly (within 
0.1 mm.) at the two ring marks A and B which have been 
etched on the glass with hydrofluoric acid. (See Exp. 17.) If 
a little more liquid needs to be introduced, it may be sucked in 
through the tip. If some needs to be removed, a piece of filter 
paper or blotting paper should be touched to the tip near A, and 
at the same time one should blow gently at B through a flexible 
rubber tube to displace the liquid to the left until it contacts 
with the absorbent paper. This adjustment to the two marks 
A and B should be made with great care. Then remove, wipe 
with the cloth as before and weigh. 

The weight must be corrected for buoyancy of air. If 0.0012 g. 
is the weight of 1 cc. ordinary air at room temperature, and if we 
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have some body of density d ooimteipoiBBd on s bslsnoe by bi^ 
wei^ts Of the true weight of Ae body is 


G + 


0.0012 

d 



But the true wei^t of the brass wel^its ra not 6, but 

where 8.5 — density of Inaas. The true wdgbt of the body 
therdbre, 

0.00126 0.00126 


6 + 


d 


8.5 


6(1 + 



0.0012 0.00 


d 

0.0012 

d 



8.5 


0.00014 


To get the wei^t of the snbetance in vacuum the qnantOy 

— 0.0014jg.nHiBt be added to each pamrfapparaitwei^ 

Fbr oonvenienoe a table of the deusitieB of pure watery g./GB<t 
over a range of temperature from 0“-30^ C., is indnded 


table VI 



MOBS 

MOOD 

amm 

mm 

mm 

BBOBU 

«H 5 » 

.tmaeo 

.mm 

.men 



lor fbw SMudoit (1) Beeanse of the gre at 

.uterert in « Irea^ redre/’ tire ehid«^ 

M—aaWy oonoentireed heavy mSa as 
a OTO OB. of OJ5-4K4 N sipwsiB NsGB aoioiiom Bare iW «» 



measurement of liquid density 87 

each of five 500 cc. glass bottles and pass a d.c. electric current, 
5-7 amperes, through the solutions in series, using soft iron strip 
electrodes bent into an inverted U-form, thus H, with one arm 
dipping into one bottle and the other into another one, etc. Keep 
the temperature down to 20“-25‘’ by circulating tap water around 
the bottles. Electrolyze for about 5 days until the volume is 
leduced to 1/10 the original volume, meantime, however, com- 
bining the reduced volumes, and ending with all of the solution 
(200 cc.) in one bottle. Distill off the water, using preferably an 
iron or copper still (because of the solvent effect of the hot cone. 
nllraliTift solution on glass), and redistill from a fractionating ^ass 
flaalf tvnee, to be sure that all alkali, which may spatter over mto 
the distillate to a slight extent, is eliminated. Measure the density 

with an Ostwald pycnometer of 50 to 100 cc. volume. 

Most of the heavy hydrogen is left behind in the solution, in 

2 16 2 

Buch an electrolysis, as heavy water molecules H — O — H, with 
a molecular weight of 20, as contrasted with light water molecules 
1 16 1 

H — O — H of molecular weight 18. (We will not consider here 
the concentration of heavy oxygen.) A concentration of about 
10 the original concentration of heavy water molecules in 

normal water is yielded by reducing the volume of the NaOH 
solutioi^ 1/10 by electrolysis. The difference is easily detected 
with suflL^ald pycnometer. See the following references on 
heavy^w^^^^Vashbum and Urey, Proe. Nat. Acad. Set., 18, 496 
(1932) ; ^^BjjDckwedde and Murphy, Pkys. Rev., 39, 164 (1932) ; 
Lewis and^^k^d, J. Chem. Phys., 1, 341 (1933); Taylor, 
I^yiing and J. Chem. Phys., 1, 823 (1933) ; Urey, Science, 

78, 566 (1933). 

(2) Aqueous cane suger solutions in a series of step-wise con- 
centrations may be made up, the densities determined, either at 
a BiTifHe temperature or over a range of temperatures, either with a 
Mohr-Westphal balance, or with a specific gravity bottle, or with 
an Ostwald pycnometer, and the results compared with densitieB 
found in handbook tables. In order to familiarize himself with 
the various convmitional methods for expressing concentrations, 
the student shoiild select one oe more of tiie solutions, and &om 
the measured density and the known wei^ts of sugar and water, 
calculate the concentration in the following terms: (a) grams of 
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Bolute per 100 grams of solvent, (6) mol fraction, (c) molality by 
weight, (d) molality by volume. 

(3) Preparation of Constant Boiling Hydrochloric Acid. Start- 
ing with 800 cc. hydrochloric acid of density about 1.100, distill 
ofif about 600 cc. Then collect 150 cc. (noting barometer read- 
ing) and keep in sealed glass tubes. The following quotation is 
from Hulett and Bonner, J. Am. Chem. Soc,, 31, 390 (1909). 

“ By starting with hydrochloric acid, d = 1.10, made up with 
an ordinary hydrometer or a specific gravity balance, and distilling 
oflF 3/4 of the liquid taken, the following distillate should not 
differ by more than one part in 10,000 from the figures given in the 
following table. This constant boiling hydrochloric acid is not 
hygroscopic or noticeably volatile and may be easily weighed in a 
little flask. By using a capillary pipette joined to a piece of 
flexible rubber tubing, to adjust the last amount of acid, it is a 
very simple matter to weigh out 180.170 g. to less than 10 mg. and 
this will give a normal solution (when diluted to 1000 cc.) with an 
accuracy that is seldom attained even with elaborate precautions. 


Proflvure 

Percent HCl | 

1 

1 

Grmma eorwi. boilinc <ii»- 

1 for 1 mol HCl 

\ 

1 

770 

20.218 

180 390 

1.00007 

760 

20.242 

190.170 


750 

7Afi 

20 266 

179 960 

179 . 745 

179.530 

4 


4 "lU 

730 

2o!314 



Both H,S 04 and HNO, give constant boiling but seem 

to be less desirable in several particulars than hydrochloric acid, 
which may serve as a reference basis, directly or indirectly, for 
most solutions ” — in quantitative analytical work. 

Measure the density of j’our sample of constant boiling hydro- 
chloric acid with an Ostwald pycnometer, and compare with the 
results of the above table. The number of grams of constant 
boiling distillate for 1 mol of HCl given in the third column has, 
of course, been determined by quantitative analysis of the distil- 
late for HCl. 






EXPERIMENT 10 
VISCOSnY OF LIQUIDS 

La several current text-books of physical chemistry, the unit 
viscosity is defined as the farce necessary to cause two parallel 
uid surfaces of unit area to slide past one another with umt 
[ocity. Criticise this definition from the point of view of di- 
bnal reasoning, and give a correct definition of a poiee. 
B viscosity y of a liquid flowing through a capillary tube may 
calculated by Poiseuille’s equation. 

VI 




If = ft 


^ere ft is a proportionaKty constant, p the hydrostatic pressure 
forcing the liquid along, r the radius of the capillary, / the time 
of deliveiy of the volume F, and I the length of the capillary tube. 

Hie constant Jb is a number, having the value ^ . This equation can 

be derived both empirically and theoretically (see, e.g,, Bingham, 
FluidUy and PlasHciiy, pp. 8-16, McGraw-Hill, 1922). A cotreo- 

introduced into this equation because the liquid 
capillary tube possesses kmetic energy. The 
the equation is 

X prH Vd 


tion m 
vdnch 
corrected 



8 VI SwU 


X1.12 


vhere d is the denfiity of the liquid. By choosing a long capillary 
of small bore, V will become small and t largei and this arrange- 
ment makes the correction term very small compared with the 
first term. In Ihe present exp^iment thia correction may be ni^ 
lected. Show that the dimensionB of the two terms on the ri^t- 
hand side of the equation are the same. 


(A) OSTWALD VXBOOSillCBISB 

The Ostwidd viscosimeter, shown in Fig. 24, is generally em» 
ployed to detemune the visoomty pf liquids. The large bulb B is 
two4liirdB filled with a known volume of the liauid under 


a 


iTon 
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investigation. With a rubber tube attached at S, suction is 
appUed and the liquid drawn up above the mark a at the top of the 
wm^ll bulb 6. The liqmd is then allowed to drain back through the 
capillary, and the time required for the meniscus to pass from the 
point a to the point c is measured with a stop-watch. If now this 

liquid is replaced with an equal volume of another 
liquid, and the time required for the bulb h to empty 
is again obtained the viscosities rji and r)t of the 
two liauids will be related as follows: 



51 

Vt 


ir 

8 


P\tHx j V ptrHt ^ p\i\ 


VI ^ VI 


Plh 


Fio. 24 



since r, V and I are the same in both cases. The two 
hydrostatic pressures pi and pj are in the same ratio 
as the two densities, di and dt of the hquids, pro- 
viding the hydrostatic heights are the same in the 
two cases, as of course they would be if Vi = Y*. 
f^lalionshio mav be stated 


51 
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dih 


( 1 ) 


(o) Set up an Ostwald viscosimeter (which has been thoroughly 
cleaned with hot chromic acid solution) in a water thermostat with 
sides, so that the -vTscosimeter can be easily* oheerved. The 
capillary tube should be chosen so that the time of delivery of 
5-6 cc. water will be about 100 seconds. Determine the time of 
delivery of distilled water, freshly boiled to remove di^lv^ air, 
at 25.0®. The water must be allowed to stand in the viscosimeter 
about 10 minutes to attain the temperature of the thermostat. 
Obtain the average of four determinations. The absolute vifr 
ooeity of water at 25° is 0.0088 poise. By using Equation 1,^ 
viscosity of any other liquid relative to that of water, or its a^ 
lute viscosity, can be calculated if the density of the Uquid and its 

time of delivery in the viscosimeter are known. o ok r\o /I 

Determine the absolute viscosities of water at 30.0 , 35.0 an 
40 0° by adjusting the temperature of the thermostat, and as- 

that the length and radius of the glass capillary are un- 


viscx)srrY of liquids 


91 


affected by the rise in temperature, and looking up the denmly 
of water at the various temperatures in a reference table, to e^ 
case obtain the average of four determinations. Plot the absolute 
viscosities against temperature. What is the percentage decp^» 
in the viscosity of water for a rise of 1“ at the temperatures 25 , 

30“, 35° and 40°? 

Determine the absolute viscosities at 25 of a one mol- 
per cent solution of methyl alcohol in water, and the same of 
ethyl, n^propyl, n^butyl alcohols, and glycerine, glucose and 
sucrose. These stock solutions are made up so that the ratio.of 
the mols of solute to mols of water is 1 : 99. In case of the last 
three sohitiong a small trace of mercuric iodide is added to prevent 
fermentation. A gain obtain the average of four determinations 
in each case. Determine the densities with a Mohr-Westphal 
balance (see Erp. 9). Plot the absolute viscosities against the 
molecular weights of the solutes, a g ain st their molecular volumes, 
against the number of carbon atoms in the respective molecules, 
and against the total number of atoms in each molecule. Which 
one of these properties of the solute seems to be most important 
in firing the viscosily of the solution? 

From the measurements made above with the solutions of the 
alcohols it becomes apparent that the magnitude of viscosity de- 
liends te^some extent on the general property of molecule size. 
But in general a far more important factor is the operation of 
cohesive for^ between neighbor molecules, i.e. van der Waals’ 
forces, whi(^ ta a certain extent bind the neighbor molecules to- 
gether, or at le^ reduce mobility and “ stiffen up ” the liquid. 
Some of the common atoms which enter into the structure of 
molecules possess much larger van der Waals’ forces than othras. 
For example, oxygen atoms, lying in the surfaces of molecules, give 
rise to very strong cohesive attractionB for other atoms in the sur- 
faces of neighbor molecules (compare with the discussion of polar 
oiygen-bearing groups in Exp. 12). 

As an iBustration of the effect of the presence of oxygen atams 
on viscosity let us take the case of some ethane substitution prod- 
ucts. CsHb itself is a gas at ordinary temperatures, i.e. its oohe^ve 
forces are relatively small- But in CBl^ - CHs * OH, containing 
1 oiq^gen atom, the forces are latgp enough to bind the molecules 
together in the liquid form; and the viscosity of ethyl alcohol is of 
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ourse much greater than that of ethane. In HO • CHj • CH» • OH, 
ithylene glycol, the viscosity becomes much greater than in 
I!H* • CHj ■ OH. If still further oxygen atoms are substituted 

O O 

II II 

nto the molecule, as in oxalic acid, HO — C— C — OH, the van der 
Yaals’ forces per molecule become so great that the molecules 
u?e bound rigidly together in a crystal lattice, and we get a solid, 
rhe student should pursue this line of thought for himself, and 
x>rrelate viscous properties with the oxygen atom popxilation in 
various commonly known organic molecules; for example, develop 
the series of propane substitution products. An article by Dr. 
Langmuir, Chem. Rev., 6, 451-79 (1929), is most interesting in this 
^neral connection. 


(B) The Faixjnq Baix Method 

(See Reilly, Physico-Cheimcal Methods, pp. 364r-6; Gibeon and Jacobs, 

J. Chem. Soc., 117 , 473 (1920)) 

According to Stokes’ law the uniform velocity » of a sphere fall- 


ing vertically through a liquid of viscosity ij is 



where r is the radius of the sphere, di its density, d* the density 
of the liquid, and g the acceleration of the earth’s gravitational 

held. 

Ladenburg (Ann. Physik, 23, 9, 447 (1907); 22, 287 (1907)) has 

mathematically derived corrections for the wall-effect, i.e., the 
influence of the wail of the tube on the velocity, and for the end- 
effect of the bottom of the tube, which must be applied to ^e 
simple Stokes’ equation for the case of a small sphere falling 
axially through a viscous liquid in a cylindrical tube. The 
velocity corrected for the wall-effect is v(l -h 2.4 r/p) where p is 
the radius of the cylinder. This is experimentally valid but fails 
when r/p is large. The velocity corrected for the end-effect, when 
measured in the middle third of the tube, is p(l -f 3.3 r/K) where h 


is the height of the liquid. 

Tlie complete expression is therefore 






& 
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or if the time of fall t through a distance I is measured 

If spheres of equal radius are used in tubes of the same dimen- 
sioiis in a series of determinatioiis with diff^nt liquids or at 
different temperatures all of the above quantities ax piacticaffjr 
4 ^natjLnt. except the viscosity and density of the liquid and the 

time of falL Tben 


where 


K = 


n = Kidi - d^t 

2gr* 

9 i(l + 2.4 r/p) (1 + 3.3 r/h) 


ra a constant involving all the corrections for the par- 

ticylar tube used. K is calle^ the tube constant. 

If now one measures the time of fall throi#k a liquid whose 
density and viscosity are known, the tube constant JT can be evalu- 
ated and then the equation i| = Kidi — dt)t can be used to de- 
termine the viscosity of other liquids. In practice it is much more 
convenient to standardize the tube, Le., determine the tube 
conatanf. in this wsy, than to calculate the corrections to be applied. 
Furthermore, the influence of inaccurate measurements of the 
radii of Ihe spheres and of the tube is totally elimina ted, as is also 
the influence of sli^t variations in the dfrnentnons of the tube. 


Affakatob 


Figure 25 shows the apparatus. It ooneaBts of a ^aas container 
tube 30 cm. long with an internal diameter of 2 cm. Marks eac- 
fanding around the tube are eUdied at a distance of 6 cm. from Hie 
open end and then at successive intervals of 5 cm. 

The top of the tube is closed with a one-hole rubber stopper 
throng which passra a glass delivery tube of 2 or 3 mm. intomal 
diameter and 9 or 10 cm. long. An improvmnent whidh ke^ 
the delivery tube in the center may be improvised by usieg two 
one-hole rubber stoppms and a piece of ^Uieb tubing 5 cm. teng 
whmh will just fdide into the coniamer tube, as indflcated in the 

%iBei 

; ' For Hie e|ribetei^ steel baHs 1/16 of an inch in diametet .pMB 
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cm. 


15 cm 


ball-bearings) are used. Balls 1/8 of an inch in diameter may be 
used but in this case the deUvery tube ought to be of larger bore 
and, since the velocitj^ of fall will be greater, the length of the tube 
may advantageously be increased, thus increasing the distance 

through which the time of fall is measvued. How- 
fl ever, lengthening of the tube makes it more diffi- 

V— ^ cult to maintain the whole at a definite tem- 

If Lever of perature. The balls should be of uniform size, 
j rn L^nless they are guaranteed by the makers to be 

End of of a certain size within rather narrow limits (say 
^releasing ^o.0004 cm.) it is ad\dsable to test their uni- 

Q formity of size with a micrometer and to discard 

those that fall outside these limits. 

The time of fall is measured with a stop-watch, 
5 cm need not be a very accurate instrument as 

only the relative time of fall is needed. If a 
— to cm stop-watch with two hands be used it is possible 

to measure the time of fall through 
15 each 5 cm. inters'al of the 15 cm. dis- 

U tance and determine that the sphere 

is falling with uniform velocity. I I 

A pycnometer or specific gravity ^ V 

bottle is necessarj" for determining the density of the | | 

hquids. (See Exp. 9.) A form of pycnometer especi- \ J 

ally suited for use with \'iscous liquids is that de- J ^ 

scribed by Johnston and Adams {J. Am. Chem. Soc., ^ 

34, 566 (1912)), a description of which is also given 
in Reillv, “ Physico-Chemical Meihods, p. 305. The 
essential point in this tj-pe of pycnometer is that the ^ ^ 
cover and the top of the neck are ground optically ^ 

flat. The neck is made unusually hea\"y to make f \ 

it rigid and to minimize conduction of heat from the j | 

fingers when handling. An accessorj^ apparatus de- [ J 

scribed bv Newkirk {Bureau of Standards, Technologic 26 

Papers, 161 (1920)) is of great value in removing 
bubbles introduced with the liquid. This, toget er ^ 
Johnston and Adams pycnometer, is Ulustrated in Fig. - 
attached to the pycnometer by a ground gass jomt and a parti 
vacuum is created with a water pump. The stoi^cock, which is 


Fig. 25 


Fig. 26 
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lubricated with the liquid whose density is being determined, is 
closed, and the whole is allowed to stand imtil the bubbles 

have come to the surface. 

Manipulation 

To standardize the fall tube it is filled to the upper mark with 
castor oil, whose density and viscosity at the temperature used 
are known. The delivery tube is inserted and adjusted so that 
it is with the large tube and its end dips from 0.5 to 1 cm. 

below the surface of the liquid. The whole is now placed in a 
thermostat maintained at the desired temperature to 0.1" C. The 
thermostat must have at least one transparent side. If no such 
t>>ftnnofft«-t with a motor driven stirrer is at hand a one-liter 
graduate cylinder or mmilar long glass vessel provided with a wire 
stirrer may be used. 

After the castor oil b«« reached the temperature of the thermo- 
stat, which requires 15 or 20 minutes, a ball is dropped down 
the delivery tube. As it slowly travels down this tube it becomes 
freed from air bubbles and leaves the end in the center of the tube 
anrt with the Tniniiniiin of disturbance. It is allowed to travel 
f.hm iigh the first division and then its time of fall through the 
next 15 cm. is measured with a stop-watch. 

Care must be taken that the delivery tube is coaxial with the 
large tube and that the latter is vertically placed. A length of 
thread with a small weight attached at one end may be held be- 
tween the edge of the tube and the eye to facilitate making the 
proper alignment; this alignment shovdd of course be made in two 
directions at right angles to each other. 

The above procedure is repeated several times and the mean 
time of fall is found. It is important that the temperature be 
maintained ranstant as a slight change in temperature materially 
changes the viscosity and therefore the time of fall. 

The density of the balls must be accurately determined, aa the 
density of steel varies considerably. This may be done by measup* 
ing the diameter of a large number of the balls with a good mi* 
crometer, a ssuming spherical shape and calculating the volume; 
or by the displacement of a liquid in a pycnometer. If only a 
SDoall number of balls (less than fifty) is available the former 
method is more accur^e than the latter. In the dinpift / ^ynmniif t 
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method, if a be the weight of the balls, b the weight of the vessel 
filled with the standard liquid the density of which is d, and if c 
be the weight of the vessel filled with liquid and containing the 
weight a of the balls, then the density of the balls is ad / (& — c + a). 
In this method it has been foimd that a diminutive pycnometer 
of the Ostwald type, of about 1 or 2 cc. capacity, with one of the 
arms of sufficient internal diameter to permit the entrance of the 
spheres, is a very satisfactory type. It can readily be made from 
a piece of glass tubing and should be used with another pycnom- 
eter of simil ar form and sirc as a tare. Pycnometers having 
ground glass joints are particularly troublesome because of evapora- 
tion of the liquid at the joints. (See Exp, 9,) 

Using the data determined with the liquid of known viscosity, 
the tube constant K is calculated. The tubes and balls are 
thoroughly cleaned and the procedure is repeated with another 
liquid. Using the tube constant just found the viscosity of this 
liquid is then calculated. 

ExFERIMKNTAli 

Determine the tube constant with castor oil at 20® C., using 
the values for the density and viscosity given in the table below, 
and then determine the viscosity of castor oil at 5.0°, 10.0°, 15.0°, 
25.0° and 30° C. Repeat with another liquid such as recently 
boiled glycerine or the commercial product known as Earo ayrup. 
In each case plot the viscosity against the temperature, and predict 
the viscosity at 30° before making the determination at 30°. 

The following values for the density and viscosity of castor ofi 
are taken from the table compiled from the data of Elahlbaum and 
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Raber, published by the Bureau of Standards ( Technologic Papers, 
24 (1918)). 

For the density of glycerine make use of the formula of Kailan 
(Z. anal. Chemie, 61, 84 (1912)) 

d^^ = 1.26413 + (15 - 00.000632 

where t is the temperature on the Centigrade scale. 

RwSfiBNGBS: 

Ta^or, Chap. IV. 

Rodebuahy Chap. HI. 

Getman and Danielfl, Chap. IIL 
Millard, Chap. HI. 

Findlay, Chap. IV. 

Bingham, Fiuidily and PlaslicUy, 

Hatechek, The VieooeUy cf Liquida^ O. Bell A Sona 



EXPERIMENT 11 
SURFACE TENSION 

(A) DU NOtiY TENSIMETER; (B) DROP WEIGHT 

METHOD 

If a film of liquid were suspended on such a frame as that shown 
in Fig. 27, so that the film could be stretched by pulling on P, it 
would be found that a “ pull ” force would have to be exerted at P 
to prevent the film from shrinking. This tendency of the film to 
contract is a manifestation of its surface tension. The force 

required to prevent contraction is naturally 
greater, the wider the film, but it is inde- 
pendent of the length of the film. (See Willows 
and Hatschek, Surface Tension and Surface 
Energy, Chap. I, Blakiston.) That force which 
is just barely large enough to cause infinitely 
slow stretching of a film one centuneter wide, 
or which will just prevent s hri n k age of a film 
of this width, is known as the surface tension. 
Surface tension is measured in dynes/cm. 
The student should state the dimensions in 
terms of L, M and T. Has the iinit of sur- 
face tension been given a special name of its own? 

The frame in Fig. 27 really supports two film surfaces, front and 
back, and the surface tension for a single surface is therefore 
obtained by dividing the force exerted per unit width by 2. The 
measurement iUustrated in this figure has been highly ideal^, 
for as a matter of fact very few solutions form double surface films 
of this sort which are stable for a sufficient length of time to per- 
mit the measurement of their surface tension, and no pure liquids 
seem to persist as thin films for more than a fraction of a second. 
The results to be expected from a measurement of this sort may, 
however, be achieved by other methods, as for example, by J^e 
method of the du Nouy tensimeter, presently to be 

Several methods for measuring surface tension have been de- 
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vdoped, among whidi may be mentioned: (1) the cspillaiy tube, 
(2) the faffing drop (the stalagmometer), (3) the air bubble method, 
(4) the surface ripple method, and others. (1) and (2) particu- 
larly have been developed to a state of considerable precision, and 
have been generally used in many investigations involving Cfys- 
tematin surface tension measurements. Directions for both the 
tensimeter method and method (2), with falling drops, will be 
given here. For (1) the student is referred to Reilly, Physico- 
Chemical Methods, Chap. JLX.VJJ; Findlay, PracHad PhysuxA 
Chemisbry, p. 74; and Richards and his students, J. Am. Chem. 
Soc., 37, 1656 (1915); 46, 1196 
(1924). 

(A) The du No^ Tensimeter. 

This instrument, designed by P. L. 
du Nouy (J. Gen. Physiology, 1, 

521, 1919), is shown in Fig. 28. 

It consists of a fine steel wire, 
one end of which is securely held 
at the support F, and the other 
end is fastened to a worm-wheel 
controlled by the thumb-screw B. 

The worm-wheel also carries a 



pointer A ^hich moves over a dfal (graduated in d^irees) 
when the wire is twisted by turning the thumbecrew. To 


middle of the wire is clamped a light lever D on the end of which is 
snepended a stirrup carrying a platinum wire loop of just 4 «tn 
peripheral length (or of any convenient known length). To bring 
the instrument to the starting position, the pointer A is set at aero 


and then the torsion of the steel wire is modified by mpang of the 
adjusting screw F and the set screw O until the lever just faila to 
touch the platform E, the distance between thmn being about the 
thickness of a thin piece of paper. The liquid, the surface fanrinn 
of wfai<& is to be measured, is contained in a watcihglasB or «««" 

dMi, supported on j^btform G. This is moved slowly upward with 

the screw provided for this purpose until the surface of the liquid 
touches the ting Ii. It is important that the ring be in good con- 
tact with the liquid. By turning the thainb-Bcrew B the toiBioii 

of the wire is gradually ituaeased until firialiy the platinum ring is 

torn aiddeniy away fern tim liquid. The an^ throu^ whidi 
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the pointer has been turned is then read from the dial scale. In 
order to convert this angular reading directly to dynes/cm. of 
surface tension, the instrument must be standardized. 

The standardization may be accomplished in two ways. In 
the first place, some liquid, such as water, of known surface ten- 
sion may be employed, and the dial reading corresponding to this 
sxirface tension noted. This one calibration suffices for the whole 
scale, since the dial reading is proportional to surface tension. 
It is much more desirable, however, for the student to use the 
second method of standardization, which is independent of previ- 
ously known surface tensions, and which makes the measurements, 
obtained with the instrument thus standardized, absolute and not 
relative. The method simply consists in adding to the platinum 
ring, when a certain torsion has been applied to the steel wire, 
enough weight to bring the lever D back to the starting position 
above platform E. It is satisfactory to add the weight by laying 
a short length of wire across the ring (No. 20, B. <Sk S. gage copper 
wire is excellent) and subsequently weighing the wire on a balance. 
A somewhat more convenient procedure, amounting to the same 
thing as the above, is to bring the lever to the starting position 
with a dial pointer A at zero, and then to add the weight to the 
platinum ring and apply torsion until the lever is just, barely lifted 
clear of platform E. The student should determine in this way 
the weights which just balance several degrees of torsion along the 
dial, for example, 30°, 60° and 90°. If the dial can be read to 
1/10°, how accurately should the weights of the several pieces of 
wire be determined? 

The weights (expressed as grams) determined in this way may 
be converted to units of surface tension by first multiplying them 
by 9S0 to give d\me 5 , then ditfiding by 4 cm. (the peripheral length 
of the ring) to give djmes. cm., and finally di\nding by 2, since 
two liquid surface films are stretched as the ring is lifted off the 

surface. 

The student's attention is called to the necessity of keeping the 
watch glass or other vessel containing the hquid scrupulously clean. 
It is well to wash such vessels with strong hot cleaning solution 
and with distilled water and to dr\^ with a piece of clean cheese- 
cloth. The platinum ring should be held for a few seconds in a 
Bunsen burner flame ("blue flame) until the wire glows. The ring 
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and indde of the watch glMw should on no account be touched 
vith the fingeis. 

'Die surface tension of water at room temperature as measured 
with the du Noiiy tensimeter is about 3 dynes higher than the 
average value by other methods. The following explanation of 
this error is quoted from Elopsteg, Science, 60, 319 (1924). 

As the ring is drawn out of the liquid the upward force on the 
ring, measured by the torsion of the wire, is just balanced by the 
wrf^t of liquid elevated above the normal surface. It is impor- 
tant to note that the scale readings of the instrument are taken 
with reference to the scale xero, and that the scale zero corro- 
tqponds with the actual zero of torsion only when the arm which 
carries the ring is in its position of zero-balance. As the ring is 
polled hi^er with increasing force, the true zero on the scale, with 
reference to which readings should be taken, shifts upward firom 
the scale zero by an amount which corresponds to the position oX. 
the atm. Consequently, at the instant the film ruptures, the 
scale reading will be too hi gh ” 

A new technique has been developed for avoiding thia error. 
For details the student is referred to the paper just quoted. 


EZfBRllCBNTAI. 


(1) Surface Tension and Tenqpeiatnxe. With the du NoQy 
tensimeter standardized as directed above, determine the surface 
tenrfon of distilled water at room temperaiure. Cool the water 
to a temperature near 0” C. and again measure its surface fanainn 
In cooling the water, do not add ice directly to it, since ice usually 
is not &ee &om impurities. Measure the surface famainti of water 


at a temperature of C. 


A mercury tibeomometer of small 


bulb should be placed in the dish of water and near the plaUmiTw 
ling so that the temperature may be noted at the matanf. the ring 

escapes firom the surface. The temperature can generally be 
controlled wifiun 1°. 


Plot tire results, curGaoe tension along the ordiiiate tem- 
peroture along the abbeiasa axis. Extrapolate to the temperature 
axia. Theoretically, tins line should cut the temperature axis at 
fhe crftieal temperatme, 2^ Actually it is aimed at a point 6" 
bi^ Imt just befine it teadhea the axis it curls off and doss 


102 


ELEJilENTARY PHYSICAL CHEMISTRY 


meet the axis at Tc> This statement seems to be true for all 
liquids. 

Substitute your surface tension values at the three different 
temperatures in the Eotvos-Ramsay-Shields equation. 

y{^^=k{Tc- T -&=) ( 1 ) 

where y = surface tension in dynes, M = molecular weight of 
water in the gaseous state, d = the density of liquid water, fc = a 
proportionality constant, Tc — the critical temperature of water, 
and T = the temperature at which the surface tension y is meas- 
ured, Do your calculations show fc to be really a constant? 
Show that k has the dimensions of energy divided by temiierature; 
i.e., the same dimensions as the gas constant. For normal, 
non-associated liquids k generally has a value of about 2.12 ergs 
per degree. Ramsay and Shields have suggested that the degree 
of association of the molecules of a liquid may be calculated from 

the equation 

x^='^ (lA) 

k 


where X = the degree of association (or association factor) and 
k is the constant for the associated liquid, as for example, water. 
From your average value of k for water in the temi)erature interval 

calculate x. Calculate the corresponding average molec- 
ular weight of liquid water. This last relationship is, however, 

extremely rough, and is not to be generally relied upon. 

(2) Surface Tension of Various Liquids. Determine the surface 
tension at room temperature of benzene, ethyl alcohol, methyl 
alcohol, glycerine and aniline. Basing youx opinion on the vis- 
cosity measurements made in Exp. 10, would you say that there is 
in general a simple relationship between the viscosity and surface 


tension of a liquid? * 

(3) Surface Tension of a Solution. Using a stock solution of 

0 5 molar butyric acid (in distiUed water), and suitable measurmg 
pipettes for dilution, determine the surface tension at r^m tem- 
perature of 0.5, 0.4, 0.3, 0.2 and 0.1 molar solution. Place the 

same quantity of each solution (say 5 cc.) on the 

in each case take the average of four surface tension detern^ 

tions. Plot surface tension against concentration. Durmg what 
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portion of the concentration range is the surface tension dimin- 
ished to the greatest extent? Freundlich {Colloid and CaptUary 
Chemistry, p. 66, Dutton; Kruyt and van Klooster, Colloids, 
Chap. II, Wiley; Ware, Chemistry of the Colloidal Stale, Chap. Ill, 
Wiley) has shown that the lowering of surface tension in solutions 

of moderate concentration may be represented by the equation, 

1 

Ay = (2) 

where Ay is the difference between the surface tension of the 
solution and that of the pure solvent, c is the concentration, and 
s and n are constants. Using logarithms of both sides we obtain 

log Ay = log s + - log c. (3) 

Let the student test the validity of this equation for the butyric 
acid solutions by plotting the logarithms of Ay against logarithms 
of the concentrations. By extrapolation estimate the surface 
tension of a 1.0 molar solution of butyric acid. Also plot Ay 
against c on ordinary rectangular coordinate paper and on double 
logarithmic paper. Find the value of the constants s and n for 
butyric acid solutions. 

In connection with the surface tension lowering of such solu- 
tions as that of butyric acid, what is Traube^s rule? 

(4) Surface Tension of a Colloidal System. Dilute a small 
portion of a stock aqueous solution of 0.0005 molar sodium oleate 
to 0.00002 molar and determine its surface tension at room tem- 
perature. Note the surface tension readings every minute for 
15-20 minutes, and plot the readings against time. Interpret the 
results. 

As a result of your experience with the du Noiiy tensimeter, 
what would you say is the most serious objection to its use as a 
general means for the determination of surface tension? What 
are its outstanding advantages? 

(B) Weight of Falling Drop. The surface tension of a liquid, as 
previously indicated, is the force tending to contra ct the surface, 
acti ^ per unit l ength oFlino- T^e weight of a drop, as it is about 
toTaU by detaching itself from a tip (may be made of glass), is 
balanced by the upward pull of the surface tension around the 
circumference of the drop. The weight of the drop which falls is 
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iven by Tate’s law 


W = m • g = 2 irry 


(4) 


Inhere W is weight, m mass, g acceleration of gravity, r radius ot 
ip and y surface tension. This relationship, however, is not quite 
xact. The weight W {ot m- g) of the drop which falls also de- 
lends on the shape of the drop. It can be shown that W is some 
unction /' of the ratio of the radius of the tip to the linear dimen- 
dons, I, of the drop. If V represents the volume of the drop we 

nay substitute Fi for 1. 




Hence, instead of Equation 4 we get the corrected equation 


W = m ■ g — 2 itry 


r 


(5) 


Harkins and Brown, J . 
table of experimentally 


factor 




TABLE VIII 

Drop-Weight Surface Tension Corrections 


r 

vi 


/ 


(b) 


r 

vi 


(f.) 


0 000 
.30 
35 
.40 
.45 
.50 
.55 
.60 
.65 
.70 


1.000 

.7256 

.7011 

.6828 

.6669 

.6515 

.6362 

.6250 

.6171 

.6093 


0.75 

.80 

.85 

.90 

.95 

1.00 

1.05 

1.10 

1.15 

1.20 


.6032 

.6000 

.5992 

.5998 

.6034 

.6098 

.6179 

.6280 

.6407 

.6535 


lies 


For single Uquids it is usunUy beet to use such tips that 
‘“k'^tions “The Apparatus is shown in Fig. 29. The tip T of 

thf C louTI be made yio<, and perpendicular the mns 
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of the capillary, and with a perimeter edge around the lower end of 
the capillaiy as free as i)OS&ible of imperfections, by rubbing with 
fine emery powder and water on a piece of plate glass lying hori- 
sontally on a table; or better, the grinding may be done in a lathe. 

Glean the apparatus by pouring hot chromio-sulfuric acid 
cleaning solution thiou^ it. Without removing the capillary 
from the rubber stopper R above the tip, hold the 
tip just under the surface of hot cleaning solution 
for several minutes. Then rinse several times with 
distilled water. Be very careful not to allow grease 
bom the hands to get on the tip, as the slightest 
trace of grease greatly lowers tihe surface tension 
of water. Fill the apparatus with distilled water 
and adjust the screw clamp so that the drops fall 
from the tip at a rate not greater than one a 
minute. Make sure that the liquid wets the tip 
dear out to the edge. Then, leaving unchanged 
the adjustment of the screw clamp, dose the 
stop-co^ so as to shut off the flow of water. 

Introduce one or two drops of water into the 
weighing bottle, B, stopper it with a carefully 
deaned rubber stopper, and wei^ carefully. Put 
the apparatus together and tuimersc it camplddy 
up to levd LL in a large beaker of water at 20*’. 

The vent tube Y allows air to escape when the 
stopper R is inserted. The apparatus should be 
set on a firm base. Since the desks vibrate considerably, use the 
window ledges. As soon as the apparatus has come to the tem- 
perature of the water-bath, open the stop-cock and allow 10 drops 
of water to drop into the wei^ung bottle. Clo&e the stop-cock, 
remove the webbing bottle, stopper, and weigh. Repeat with 
10 more drops. If the two results do not check, continue 
satisfactory checks are obtained. Determine in the same way 
the drop-weight of pure benzene at 20® C. 

Calculations. A graph of values of against / would 
^ of assistance in interpolating to find the exact value of 
ooneeponding to the experimental value of in each 



Fig. 29 
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of your determinations. Calculate the surface tensions from the 
drop*- weights using Equation 5, above. Calculate the EJotvos- 
Ramsay-Shields constants from Equation 1(A). 

The density of water may be obtained from Exp. 9, and the 
density of benzene may either be determined by one of the methods 
described in Exp. 9, or may be foimd in handbooks of physical 
constants. 


Taylor, Chaps. IV and XV. 

Rodebush, Chap. m. 

Getman and Daniels, Chape, m and X. 
Millard, Chaps. Ill and XVI. 

Findlay, Chaps. IV and XX. 
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OIL FILMS; MOLECULE SIZE AITD SHAPB 


Fa Exp. 10, in connection with viscosity, attention has already 
been called to the rdatively large van der Waals’ forces of oxygen, 
whenever it is to be found as one of the constituent atoms in a 
molecule. One (tf the interesting manifestations of its strong 
force field is the solubility of <n^^gen and osygen-bearing groups 
in water. For example, ethane, C^«, is quite insoluble in water, 
but the introduction of an osygen atom to form ethj^ alcohol, 
CHa - GHiOH, mate the molecule extrranely soluble in water, 
as everybody knows. The CEb * CHs group may be thou^t of 
as still being insoluble, but as being drawn under and into the 
water by the strong tendency of tibe OH group to dissolve. If 
enough CHs links are added to the rhcuTi molecule, h o wever, 
CH, • CH, ■ CH, ■ CH, • CH, - CH, • CHi • CH, - CH, - CSHt • OH, 
the molecule becomes more and more insoluble as the proportion 
of tile hydrocarbon part increases, until finally tiie solubility is 
very sli^t indeed, although the OH group on the end may «S:ni be 
soluble itself. Groups such as HSOi, COOH, NH*, and many 
other “polar" groups bdiave like OH. A simple 
win now Brave to fflustrate the solubility of OOOH groups, and 

also introduce the student directly to the subject matter of the 
present duqiter. 

ment dean two ^aes raystalBaing dfaheg^ 12-15 can. 
diameter or larger, very thoron^y, first with soap, then chramio 
acid solution, and finaUy with distilled water. Bffl each dish 1-8 

cm. deep with distOled water. Picdc out, with clean forceps, two 

sman pieces of camphor and introduce a piece on each of 

water. Branembeting that organic sohttes geneta% lower the 
surface tension of water, can you account for the diinring motion 

(d the eamphor partides? Now dust a littie talcum powder or 

h^to, breqpodinm powder (conveidently Icept in a Fiendi aquaxe 

bot fe wM i a few pfeeea of cheese doth fastened over the neek with 

aruhtehaiM^aiiiottetwowaterBiiifeoBa. Then, on one amfece 

IW 
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po’ir about 1/2 to 1 cc. of paraffin oil (or Nujol), taken freshly from 
a stock bottle. Notice that a lens-shaped pool of oil forms on 
the water svirface, flattened out to some extent by gravity, and 
much thicker at the center t han at the edges, but showing very 
little tendency (if the oil has not been contaminated by grease 
from the fingers) to spread. Then introduce on to the powdered 
surface in the other dish, one drop of oleic acid, using a medicine 
dropp>er. Notice that the oil instantly spreads almost to the 
confining walls of the dish, p\ishing the p>owder ahead of it. (The 
powder is added to the surface merely to improve the visibility.) 
Notice also that the camphor is stUl moving in the first dish, but 
stops its motion in the second dish as soon as the oleic acid has 
spread. Why? Now, further, with the medicine dropper care- 
fully introduce 2 or 3 drops of oleic acid into the middle of the 
paraffin oil lens, and after about half a minute, when the oleic 
acid has diffused through to the bottom of the lens, notice the 
sudden explosive spreading. Other animal or vegetable oils, such 
as olive oil, cod-liver oil, peanut, com, whale, cotton, lard oil, 
etc., may be substituted for the oleic acid. Many of us, as children, 
have plaj’ed with the same spreading effect by cutting out little 
card-board fish or boats, with a channel cut from the stem end to 
a large hole near the middle, into which a few drops of olive 

oil were poured. 

The point of this experiment, of course, is that oils like the 
mineral oils, made up of large purely hydrocarbon molecules. 



Fig. 30 


not soluble in water, form oU bodies, on the water surti^, mth 
their molecules pUed together as in the normal hqmd state. But 
the molecules containing COOH groups or other poto “ 

one end, spread out so that every soluble group M 
stick under water, thus forming a thin him one molecule deep, with 
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the moleculeB oriented in a regular marshalled array, the soluble 
heads imder water, and the long hydrocarbon tails sticking up 
vertically, as shown in Fig. 30. 

Many investigators have played with oU films and speculated 
on the mechanism of spreading. Among these may be mentioned 
Lord Kayleigb, Fraulein Pockels, Hardy and Marcellin. Lang- 
muir particularly and also Harkins, and more recently Adam and 
others, have developed an experimental technique for studying 
oil films quantitatively, and we shall now describe the construe- 
tion and use of an apparatus for m akin g such a quantitative study 
of oil films on a water surface. This apparatus can be constructed 
from easily obtainable materials if a few tools such as a soldering 
iron, a hacksaw, drills, etc., are available. The exact dimensions 
suggested in the following description are not essential. 

CONSTBUCnON OF OlL FiLM APPARATUS 

The fundamental idea of the whole manipulation is to introduce 

a s m a ll known quantity of a spreading oil on to a water surface in 

a rectangular trough, and then to compress the oil film by moving 

a glass barrier, so that the trapped film is squeezed against a 

floating piston. The pressure on the piston is measured with a 

torsion wire arrangement and a circular protractor, very much as 

in the case of the du Nouy tensimeter, Exp. 11(A). The areas 

of a film squeezed together with different forces may then be 

studied, and the film areas of various oils at the same pressure 
may be compared. 

A diagram of the apparatus is given in Fig. 31. The trough T 

is made of brass stock; the aides of 3/8" X 3/4" stock, the 

bottom of 1/4" plate brass. The inside dimensions are 14.00 

X 60 X 1.8 cm. It is necessary that the inside width be constant 

and that the thickness of the edges be about 1 cm. ; the rest of the 
dimensions are optional. 

The balance frame K may be made of solid brass or of 6/16" 

brass tubing. In the latter case brass bearings are soldered be- 

tw^n two upright tubes comprising the frame. The frame is 

^Ider^ to 1/8" brass plates P which are held to the trough when 

m use by me^ of the clamps Q. The frame fits closely against 
the sides of the trough. 

The bearings in the frame are 7.0 


cm. from the base; they fit 
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closely the 3/16" brass rods D and D', the axles of the tormon 
balance. The axle D' is threaded on the outside end and fitted 
with an adjusting nut B. A set screw A' in the bearing prevents 
it from turning after the adjustment is complete. The torsion 
wire E is made of phosphor bronze about 0.008" diameter, spring 
temper. (Note — may be obtained from Baker and Co., Newark, 
N. J.) It is soldered into the ends of D and D' as shown in the 
inset figure. A small hole, 1/32" or less, is drilled longitudinally 



in the axle to a depth of 1 or 2 cm.; a larger hole or w^for ^e 
solder is driUed a Uttle more than half way through the s^of the 
axle 0 5 cm. from the end. The soldering is accomplished by 

heating the rod-never the wire- with 

eraduate dial I is fastened to the other end of D by the beanng 

LdsetscrewA. A vernier J is clamped to the frame. Itisw^ 
to be able to read the dial to 1/10 of a degree or its 

(An asdmuthal scale from an old transit is good but a radio dial 

^^r Licro balance G can be made of welded steel 

saver wire about 0.03" diam. (obtainable from 
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Baker and Co.) sold^ed with sflver solder is bette*. The di- 
mensions aie diown in the inset. The right an^e distance fitom 
ibe hook for the calibrating weight to the torsion wire and to the 
float muBt'lie accurately known. The counter-balance S contains 
the same length of wire as does the lower ann. A mirror H is 
sealed to the coiled counterbalance in order to record the position 
of the float by means of a focusing light and scale (not shown). 
A notch is filed at the point of balance and the micro balance 
soldered to the torsion wire. It is then centered by means of the 
adjusting screws B and A 

The float F is of thin mica 0.02 to 0.04 mm. thick, 5 mm . wide 
and 12.0 cm. long. Two holes larger than the balance arms and 
3.5 CTn, firom each end (i.e. 5 cm. apart) are punched in the float. 
Two other mica sheets are prepared 1.3 cm. long. The technique 
required for assembling will be described later. Three or four 
barriers of thi<^ window glasa 30 X 1.5 cm. are also pro* 
pared «.Tid the sharp edges smoothed off with a file or a stone or 
wire gauze. The distance of the barrier from tihe float is read on 
tiie meter scales X, and the baniens moved by means of the 
holder U. 

A micro pipette or a calibrated dropping pipette is neoeasa^ 
for the aoeniate measurement of the small quantities of solu- 
tion introduced on to the surface of the water. The one shown 
in the inset. Fig. 31, has a reading error of ± 0.0001 oc. Itismade 
from 0.5 mm. bore capillary tubing, and may be calibrated by 
measuring with a reading micrometer and by weight of benzene 
delivefred between marks etched on the capillary. The bulb V in 
the g^ass is for safety only and the rubber W for convenience in 
fining, as the levd of the liquid in the capillaiy is controlled 
tipping. 

A glass protecting case with sliding doors in the front is ad- 
visable, for otherwise the surface is rather quickly cnTifji.wiiini.teH 
dust and vapors in the atmosphere. 

QESBA.1ION 

Oesning and Faiaffining. In thfa work it is exceedini^ ire* 
portant that the tron^ float and barriets be entirely free from 
grease or any other contiHninating substance, and the following 
PNBasnthnis are necssEBay. Hie trou^ m cleaned under tap 
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water with fine emery cloth or by means of fine emery jxjwder 
and a small rubbing block of wood until the trough becomes wet 
all over. The barriers are treated similarly and then cleaned with 
a chromic acid cleaning solution and then washed with hot dis- 
tilled water. The cleaned trough is washed with a large quantity 
of boiling distilled water (2 or 3 hters) and if it does not dry in a 
short time it is dried in a warm place. While still hot both the 
barriers and sides and edges of the trough are coated with paraffin 
by means of a dilute (5%) solution of paraffin in pure benzene. 
This solution is conveniently painted on by means of grease-free 


cotton held in forceps. 


inside and sides 


the trough must not be touched with the hands, and the harriers art 
he handled by the ends only. It is necessary to coat the troc 
while it is hot to get a good smooth application of paraffin 
otherwise the glass barriers cannot be moved along easily. 

Adjustment of Float and Balance. The trough is next set 
horizontal on the leveling screws Z (roimd head machine bolts are 
suitable) and the short mica pieces L (previously paraffined with 
the benzene solution) sealed with par affin to the edges of the trough 
so that they extend inside a distance of 4 mm. and are 8 cm. from 
the end of the trough. This is done with a hot glass rod. The 
balance is then set in place and the trough leveled and filled to the 
brim with good distilled water from a still free from rubber or cork. 
The float, F, previously paraffined with the benzene solution, is 
put in place under the prongs of the torsion balance and the axis 
adjusted until the gaps are the same on each side; and these 
should be about 6 mm. A loop of fine, straight hair is sealed to a 
clean glass rod R (see inset) with paraflan, and the end of the loop 
washed with benzene and then a 10% benzene solution of good 


paraffin oil. 


This loop h is then sealed 


and a hot rod 


mately 1 mm. in from the gap and of such length as to form a 
perfect semi-circle on the surface behind the float. The loop is 
then burnt off in front of the float by touching vnth a hot rod, and 
the other side fixed in the same manner. The float is then meas- 
ured the length being taken from points one half the distance 

5.. .. “-'t; vs 

and must be straightened by washing 
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with hot water, dried under tension, and coated with mineral oil 
as with the hair. In any case the thin mica side-pieces are im- 
portant as they do not form a meniscus with the surface of the 
water. It is well to coat with a thin layer of paraflSn the top of 
the TTiinn. side-pieces at the end and similarly the tops of the ends 
of the float before putting them in position. 

The light image on the scale and the dial are then adjusted to 
their respective zero points by means of A, A', and the scale. 
The halftTinfi is clamped down, and the meter scales X adjusted 
to give the distance of the barrier from the float. 

The system is then tested for leaks by placing an oil film on 
the surface, talc is sprinkled near the loops, and the film com- 
pressed. The position of the float is of course held constant by 
turning the torsion wire dial. Movement of the talc indicates 
leaks. These may be corrected with a hot rod, care being taken 
not to bom the hair loops. The surface on both sides of the float 
is then swept dean with tiie barriers O and N. It is necessary 
to blow the last bit of contamination behind the float under the 
barrier N. These undesired films may be compressed into the 
ends of the trough and skimmed off with filter paper. 

The balance is calibrated by means of a 10 mg. rider on the 
hook of the horizontal arm. ^e force is calculated as dynes per 
division on the dial and dynes per centimeter on the float. The 
surface is tested for contamination by decreasing the area tenfold, 
with the barrier M. If this decrease of area causes a total surface 
pressure of more than one dyne, the surface must be swept again 
or possibly the trough must be again cleaned. If the cleaning, 
paraflhiing and adjustment of float and hair have been carefully 
done this requirement will be met. Always move the barriers 
with the holder U, for any contamination of these is enntimiftlly 
transferred to the surface. 

Experiment. When the oil film is placed on the water surface, 
the molecules may be widely separated from one another, and be 
moving about on the surface like gas molecules in two dimenaions; 
or they may be dose together but lying down in the surface, 
are generally not stacked together vertically, as in Fig. 30, 
they are pushed together by compressing the film. The film is 
then said to be “ condensed.” 

The oil film is placed on the surface between the float F and 
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the barrier M with the micro pipette. An accurately measured 
volume of from 0.0500 to 0.0800 cc. of a freshly prepared 0.002 M 
solution of a fatty acid in purified benzene is a convenient amount 
for condensed films . After a few seconds the benzene will have 
evaporated and then the film is compressed and readings of the 
surface pressure taken, with the torsion balance, at various areas 
until the film becomes quite incompressible (up to about 50 
dynes/cm.). Care must be taken to maintain the fioat at its 
zero position with respect to the barrier, and this is done of course 
by keeping the spot of fight on a fixed mark on the scale. Ob- 
viously this applies to an expansion of the film as well; otherwise 
the float hairs may be broken off. 

Use palmitic acid, stearic acid (and if desired oleic acid). Ce- 
rotic acid, CjjHsiCOOH, is another good one to use. In fact any 
acid in this series, from a 12-carbon to a 25-carbon molecule, gives 
good results. Tristearin is especially instructive. (These sub- 
stances may be obtained from the Eastman Kodak Co.) 

The bulk density of p almi tic acid at room temperature is about 
0.845, of stearic 0.850, oleic 0.890, and tristearin 0.870 (or the 
densities of the acids may be measured; see Exp. 9 and Exp. 38). 
Assuming that the densities of the films are the same as the densi- 
ties of the substances in bulk, calculate the thickness of the films by 
dividing the film volume by the fiilm area. This will give the 
lengths of the vertically placed hydrocarbon chains. Also divide 
the film area by the number of molecules in the film to get the 
cross-sectional area per molecule as one looks vertically down on 
the film . Plot the cross-sectional area per molecule as abscissas, 
at various compressions, against the surface pressure in dynes/ cm. 
as ordinates, and draw a straight fine through the high pressure 
points to cut the abscissa axis and thus get the cross-sectional 
area per molecule (the intercept) for a condensed film at no 
compression. Compare this value for the different molecules 
and explain the results. This cross-sectional area mcre^ 
with temperature. Langmuir and Adam and others have worked 
at 12°-15° but good values, although somewhat larger than theirs, 
may be obtained at room temperature. ^Express the length of 

each molecule in cm., mm., n, van, and A (Angstrom umts). 

If the carbon atoms in stearic and palmitic acid molecules were 

arranged in a straight chain, with a distance of 1.54 A between 
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oentere of adjacent carbon atoms, what wouldbe tte 

expected length of these two molecules? The 

from his measured lengths the angle between the to 

nf the carbon atoms, assuming that the atoms are arranged m a 


zig-zag chain. . u t 

The student should by all means look up a discussion by l^ng- 

muir, “ The Effects of Molecular Dissymmetry on Propertie^f 

Matter,” pp. 525-46, in Alexander’s Colloid ChemUiry, voL I, ^e 

nhpminftl Catalt^ Co., 19K, and follow the aigummit by which 

Langmuir shows when we are to expect the molecules to lie doro 

in the surface, when they assume a stick-like shape and when 

coil up into little balls. The argument is based on oonEddemtiona 

of surface tension, interfadal tension, and a Boltsmann factor 

treatment, such as that developed in Eixercise HL 
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EXPERIMENT IS 
SPECTROMETRIC OBSERVATIONS 


When a beam of light strikes a glasa prism, such as that shown 
in Fig. 32, it is refracted, and because the an^e of refraction varies 
with the wave-length, a beam of white light, or any composite 
beam, is spread out into a spectrum. This principle is applied 
in the spectrometer to the analysis of light rays and the deter- 
mination of wave-length. 

In Fig. 32, the angles ii and is between the incident and emergent 
beams, respectively, and the perpendiculars to the prism faces, 
are known as angles of incidence, and the internal angles ri and 



Fig. 32 

r*, as angles of refraction. The angle of deviation is the angle 
between the incident and emergent rays, or geometrically, S = 
— rj + it — ri). It has been observed e^)erimentally that 
there is a miniimiim angle 5 corresponding to a single angle of in- 
dd^oe. Since h and t* may each be incidence an^es, ^e only 
in which * is single-valued is for *i = it. Hence this is the 

condition for S being a fninimum . 

The prism may be set with S a minimum for a known wave- 

length, for example, the 2)-line of sodium; then the angles of 

deviation of other lines may be determined without movement of 

116 



SFlXTrROMETRIC OBSERVATIONS 


111 

tihe pwam- Since the an^ of deviation is a oontinuouB function 
of the wave-length X, for a fixed prism position, if a plot of X against 
S for sever^ known wave-lengths be made, then the wave-length 
of other lines for which d is determined may be read directly from 
the curve. 




A plan of the spectrometer is shown in fig. 32. Remove the 
telescope T from its clamps, and after focusing the eyepiece on 
the croBB-hairs, focus the tdlescope for paralld rays by looking 
flimii gh it at some object several hundred yards away, and adljust- 
ing the length of the telescope tube until the image is diarply 
Hafinwii. When this adjustment is properly made there is no 
idative displacement of the croes-luur and the image when tiie 
eye is moved &om aide to side in front of the eye-piece E. 

Replace the telescope on the stand, remove the prism P and with 
the telescope look through the collimator tube C at the dit H 
which is iDuminated with a sodium flame S. Adjust the lengtii of 
the collimator tube so that the slit is diarpfy defined in the tde- 
soopic field. The slit itself should be made as narrow as is com- 
patible with good visibility. Now fix the prism in position, with 
Its refracting edge parallel to, and nearest to the slit, and turn the 
telescope until the image of the slit falls on the vertical cross- 
hair m on the intersection of the two cross-hairB. The position 
of the collimatar and telescope must be adjusted so that their 
axes are always perpendicular to the axis of rotation cf the prism 
table and tibe table must be adjusted so that the redacting edge 
of the priran is always pardlel to its axia of rotation. Rotate the 
prism back and forth, in the mRantiina following the imaga of 
the dit by turning the tdescope, until the position of the priam 
is found where the image of the dit just stops moving in 
direction and starts to move in the other. Die prism table B is 
then damped in this position. The angle of minimnwi deviation 
for sodium light is read on the circular scale G, with the aid of the 
reading Ims and vernier. 

Several other incandescent substances are placed before the afit 
and the angle s of deviation detemiined for spectral lines of Imim m 
wwvB4eDgth. Gsnstruct a “spectrum map’* ly plotting the 

ehserved an g h» agpunst the wave^tengtiis of tibe sde cted 
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jiven in the following table and drawing a smooth curve through 
the p«ints. 


TABLE IX 


Element 


Sodium. . 
Potassium 
Thallium. 
Strontium 
Argon 


Color 


Yellow 

Red 


Violet 

Violet 



The colored flames are produced by soakiiig pieces of asb^tos 
Ln saturated solutions of the metal chlorides and heating with a 
bot gas flame, or by making a small chimney of asbestos doth at 
the top of a Bunsen burner, soaking the asbestos with the salt 
solution, and letting the flame issue from the chimney. With 
some salts a better flame may be secured by letting the salt, in 
finftly powdered form, fall through the flame. Argon and other 
gases to be studied are supplied in Plucker tubes, and are excited 

by the discharge from an induction coil. 

After the construction of the spectrum map covering the range 
4228-7702 A, determine the wave-lengths of several of the more 
prominent lines in the spectra of lithium, calcium, strontium and 

barium chlorides. 

Using a gl^^^ (not quartz) mercury vapor lamp, operated on a 
direct current line, determine the wave-lengths of the prindpal 
lines in the spectrum of mercury vapor. (Mercury vapor l^ps 
may be obtained from chemical supply companies, or a simple 
lamp which is easUy made from pyrex glass, and which does not 
require an evacuating pump, is that described by Vincent and 
Biggs, J. Set. /ns^rumcnte, 1, ^ Examine the sped^ 

of a cadmium arc by using two cadmium metal rods and a direct 

current (from motor generator). Repeat with two iron rods and 

note the enormous complexity of the spectrum of an iron arc. 

Determine the wave-lengths of the principal lines m the spectra 
of the glowing gases, hydrogen, helium, neon, argon, k^ton m 
xenon. The lines of the visible hydrogen spectrum belong to toe 
Balmer series. The wave-number* of these lines is given y e 

• The wave-number po is 1/X, whoe X ia exprefleed in cm. 
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Baliner equation. 



wheie Rf the Rydbeig constant, equals 109,678 (109,677.60 db .06) 
and n is 3, 4> 5, 6, respectively, for Uie BU 1^, and Hi linea K 
we put n — 00 , flte limltmg firequenqy or head of tfie series is ob- 
tained, namdy, vn = Obtain the wave-number of (he Ha, 

H, and BQ &om your spectrometric observations and com- 
pare with those calculated &om (he Balmer equation. Hie B« 
Itha is sli^tly beyond the range of (he spectrum map, but its 
wavolengtti can be estimated. What are (he Lyman, Fiasdhen 
and Brackett series? 

Stuc]^ (he absozptum spectrum of potassom permanganate 

sohition by {dacing a ^ass vessel of flat sides in front of the qpectTK^ 

scope slit, with a piece of asbestos board between tiie vessel and 
a frosted electric li^t bulb (60—75 watts). With a cork borer 
cut a hole 1-1.5 cm. in diameter in the ariiestos opposite the slit, 
and place 100 cc. 0.4 per cent eolation of potassium pennanganate 
in (he vesseL Examine the li^t passing throu^ the solution and 
find the angular deviations of the outside edges of the red and 
vicdet bands. Dflnte the solution by removing 50 oe. with a pi- 
pette and adding 50 oc. of distifled water. Continue the dilation, 
in eadi case observing the angniar deviation of (he outside edges 
of the band^ until a continuoas plectrum is obtained. Determine 
the wave4ength of the green lines which ^pear at a certain dila- 
tion. Make on the same piece of graph piqier a series of draw- 
ings of the absorption qiectra, showing tiie position (wave4mgth) 
of the band edges at tiie various dflutionsL 


Tsjtev CSiap. L 
RfflMwiiii, Chapu XV. 

Getmaa mod Daniela V, mA XXEIL 
IfiDardt Chapu XV. 
fhidlay, ChapL L 




aik airi Ikqy, dlosu^ Jfsiaciiitt OMi QwBiia, MeGmiw^ 



EXPERIMENT 14 


POLARIMETER; REACTION VELOCITY CONSTANT 

The fundamental principle on which the various types of 
polarimeters operate is the same, although there are differences of 
detail in the construction of such instruments. It will be assumed 
in the present description that a Schmidt and Haensch half- 
shadow instrument of the Lippich type is available. 

The polarimeter consists essentially of two Nicol (Iceland spar) 
prisms, P the polarizer and A the analyzer (in Fig. 33), moimted 
near opposite ends of a long brass tube. The analyzer A is fixed 
to the center of a circular dial so that it may be turned about an 


$ 


Fig. 33 



axis parallel to the long tube, through any desired angle measui^ 
on the chal scale D, provided with vernier reading devices V, V. 
When light from the source S is allowed to pass through the pol- 
arizer P, the light is plane polarized, that is, only light made^of 
vibrations in one plane is transmitted by the prism P. When 
this beam of polarized Ught passes down the tube, the pnsm A ^ 
be rotated into two positions, each 180“ apart, which ^nmt ^ 
polarized Ught to pass through with practicaDy imdum^ed 
intensity, and into two other positions, 90° from the tw^ 
where complete extinction of the beam is produced when ol> 
9 er%-ed through the focusing eye-piece E. In mtermediate pi^ 
positions the Ught is transmitted with mtermediate mtensities. 
^t us suppose that the analyzer prism A is turned to a position 
which gives minimum transmission. If now a quantity o 
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so-called “optically active” substance with the power of rotating 
or twisting the plane of polarized Ught is introduced between P 
nnri A, observation through the eye-piece E will show that mini- 
mum transmission is no longer present. But rotation of A 
through an angle measurable on the dial scale will restore the 
original condition of darkness. This angle is a measure of the 
rotating power or optical activity of the substance. When it 
is necessary to turn the analyzer in a clockwise direction, the 
substance is said to be dextro-rotatory, and when anti-clockwise, 
levo-rotatoiy. There are, of course, two angles through which 
the analyzer may be turned to reach the end-point, one the angle 
6 and the other 180° — 6 . The smaller one of them is called the 
angle of rotation, and is taken as a basis of designation of the 
rotation as levo- or dextro-. 

To determine the angle of rotation in the maimer just de- 
scribed is not an easy matter because of the difficulty of matching 
the degree of darkness of one setting with a previous one, especially 
when the matching has to be done by memory. One method for 
avoiding this difficulty consists in placing a small Nicol prism 
which covers just half the field at H. The prism P is turned so 
that its axis makes a small angle with that of H, say 2°. Now if 
the analyzer A is turned so that its axis is at right angles to that 
of P, then the lower half of the field appears dark and the upper 
half perceptibly brighter. If A is then turned through 2° so that 
it is now at right angles to the axis of H, then the upper half of 
the field is dark and the lower bright. If A is turned through 
only 1°, each half of the field is illuminated to the same extent. 
When an optically active substance is then placed in position in 
the tube, and the plane of polarized light thereby rotated, the 
analyzer A may be turned through such an angle that the two 
h^ves of the field again match, and this angle is the angle of rota- 
tion. The lever L controls the angle of setting for the prism P, 
and by m^pulation of this lever the sensibility of the instrument 
may be adjusted, but, once set, it should be left undisturbed. The 
angle of settmg should be small for clear solutions, generally 2°— 4°, 
but, for turbid or dark colored solutions, it should be made larger! 

The optically active substance is introduced into the glass tube 
T, provided with circular glass end plates held in position with 
rubber washers and screw caps. The angle of rotation depends 
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somewhat on the temperature, and container tubes may be 
jacketed for circulation of a stream of water at a constant, known 
temperature. In the present experiment, however, we shall work 
at room temperature. The hght from source S should be mono- 
chromatic, since the rotation effect is greater with short than 
with long wave-lengths. It is becoming increasingly the custom 
to employ the green line (5461 A) of the merciiry vapor arc in 
standard polaiimetric work, although much of the data in the 
literature has been collected while using the D-line (5893 A) 
of a sodium flame. In the present experiment, a very satisfactory 
yellow sodium flam e may be obtained by heating a piece of pumice 
stone soaked in sodium chloride solution with a hot dicker burner 
flame, or by heating a small alundum crucible of the proper poros- 
ity (R.A. 360) about one-third full of sodium chloride, to which 
some sodium chromate has been added to lower the temperature 
of fusion. The sodium flame should be placed far enough away 
(10-15 cm.) to prevent injury to the instrument, and it is well to 
provide an asbestos shield with an observation hole cut through it. 
A small chamber fiUed with a 9 per cent aqueous solution of pot^ 
slum dichromate acts as a light filter, and helps to render the 
transmitted light more nearly monochromatic. A sodium vapor 
lamp, most exceUent as a light source for polanmetnc work 
(Sodium Lab-Arc) operating on an ordinary llo volt 60 cycle 
electric Ught current, is made by the G. E. \apor Lamp Co., 

rotation produced by an opti^y active su^ 

stance placed in the path of the polarized Ught ^ 

on the -nature of the substance itself but also on the ngt 

column and in the case of solut-ions of 

depends on the concentration. In comparmg the rotatory p^ 

^ to define the -f FriX ob^rved 

angle of rotation a, the so-called specific rotatio [ ] 
lated for a pure liquid by the equation 


[a] = 


a 


l-d 


substance 
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decimeteiB. la the case of aa optically active sohite 
, the specific rotation is given by the equation 


[a] 


100 g 

I • c 


where c is the number of grains of the solute in 100 oc. of solution, 
if the concentration is expressed as grams per 100 grams of solu- 
tion, then the equation becomes. 


w 


100 -g 

l'd‘g 


where d is the density and g the number of grams of solute. The 
specific rotation multiplied by the molecular weight of the sub- 
stance gives the molecular rotation, M[c^. 


(а) Fill the tube T with distilled water and find the aero reading 
on the scale D. Take the average of at least 10 settings, approach- 
ing the aero fitom the left in half the readings, and from tte right 
in half. If this does not correspond to the aero marir on tiie 
adjustment diould be made with the set serews, by w»eaw« of vdiich 
the position of the analyaer A may be rotated sli^tly with respect 
to the scale D. Or, the deviation of the observed aero hxnn the 
scale aero may be noted, and this constant ooiiection mwiie in all 
further readings. In making the readings, the dow-motion ad- 
justment should be brought into play, with a set screw provided 
for that purpose. 

Using a sodium flame, determine the angle of rotation (at room 
temperature) of solutions containing 10 gwunw and 20 gmtna of 
cane sugar per 100 cc. of solntion. Ui each caaft fai.lm the average 
of 10 settings. What is the average deviation horn the for 
a single observation? (See Exercise n.) CSalculate tiie 
and the molecular rotation, for each anlntinn . 

(б) Determine the vdociiy of inversion of cana angai- jn the 
presence respectively of 0.5 M acetic acid and of 0.5 M cfalois 
dichlor-, and tiiclilar-aoetic acids. Wei^ 20 g. pure anga^ 
mto a 100 cc. volumetric flask; disBolve tiie sugar in 0.6 M aaK ie 
add and dilute to the mark, thus obtaining a 20 per cent a»go* 

content in a 0.5 M add sohition. Fkepare the ehlor-, dicidor-. and 
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trichlor-acetic acid solutioiis in the same manner. Fill four glass 
polarimeter tubes (T in Fig. 33), No. 1 with some of the acetic acid 
sugar solution, No. 2 with the chlor-. No. 3 with the dichlor-, and 
No. 4 with the trichlor-acetic acid sugar solution- Take initia l 


readings with the polarimeter, and then hang the four tubes in a 
water thermostat kept at 25**. Make polarimeter readings at 
tegular intervals and let the tubes remain in the thermostat for 
24 hours for a final reading. 

Plot the observed angle of rotation against time for the four 
solutions. AsRiiTning that it is the hydrogen ion which catalyzes 
the inversion, what is the degree of ionization of the acetic, the 
chlor-, and dichloiv relative to that of the trichlor-acetic acid? 

The inversion of cane sugar. 


CuHmOu + H,0 2C*Hi,0« 


might be expected to be a bimolecular reaction, but because the 
concentration of the water remains practically constant from the 
b^inning to the end of the reaction, it really follows the mono- 
molecular reaction law. From your data calculate the reaction 
velocity constant for the trichlor-acetic acid solution at the various 
time intervals. Instead of using the equation (compare Exercise 


II 




k 


fln- 
t a 


where fc is the velocity constant, < the time, o the^^PS™®^ oono^ 
tration of cane sugar, and o - a: the concentration at time « the 
following equation may be employed in which the concentrations 

ale expressed in terms of angles of rotation. 



+ oy 
o + 


where a* is the initial angle of rotation, cq the ^ a^e 
complete inversion, and « the angle at time t This 

^’is tov^, namely a, - (- a,), since the mitial ^e « on 
Similarly x, the ooneentration which has undergone mversion at 
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any time t is proportional to (a< — a). Hence (a — x) ie propor- 
tional to (a< + a/) - (oi- a) which reducee to (a -f a/). 

Rbfsbbncbb: 

Getm&n and Darnels, Chape- V and XIV. 

MUlard, Chap. X. 

Findlay, Chape. V and XU. 
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BOniNG MIXTURE ; ABB£ REFRACTO- 




Binary liquid mixtures (completely miscible) may be divided 
into three classes: (1) those in which the boiling points and vapor 
pressures of all pos^le mix tures lie intermediate between those of 
the two components; (2) those which exhibit a maximum in their 
boiling point curves or a minimum in their vapor pressure curves; 
atiH (3) those which exhibit a minimum in their boiling point curves 
or a TTiiiximiim in their vapor pressure curves. In the following ex- 
j w^rim ent. a binary mix ture of the third c lass is studied. Benzene 
and methyl alcohol are mixed together in various proportions, and 
refluxed. At the different boiling points, samples of the conr 
f jPTisapd vapor (in the reflux condenser) and of the liqmd (repre- 
sented by the residue in the distilling flask) are taken and the com- 
positions of both determined with an Abb6 refractometer. Fnra 
the data a complete boiling point-Uquid-vapor composition diar 

gr r^LTn is oonstnictcd. 




Figure 34 shows the apparatus. It consists of a 250 or 500 cc. 
flaak provided with two necks. Through one of these the ther- 
mometer is inserted, and through the oth^ one a long 
condenser tube A. A convenient form of replaceable wato-jacket, 
with carefufly bored rubber stoppers, is shown m Ae figure. 
The lower end of the condenser tube mto « 

as’ indicated in the figure. 

an of 180° in the rubber stopper in the neck of the flask, » 

that a few drops of reflux Uquid collect in toe cup. 

Place a kno^ mixture of benzene and methyl alc^l m to 

mStt comes to a oODStant boffii* pomt. Now the TO«ir aboc 
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the boiling liquid and in the reflux tube is very nearly in ^uilib- 
rium with the solution. Remove the fliame to a safe distance, 
and turn the cup B so that the reflux liquid returning to the flask 
is caught. Take out the thermometer, insert a long-stemmed, 
fine-pointed pipette through D and withdraw a few drops of the 



Fiq. 34 


liquid from the cup by sucking. This is to be tept in a small 
- labelled sample bottle. Immediately take a shnilar sample from 
the hquid in the flask, using a secondi pipette, and store in another 
labelled bottle. 

Then add either methyl alcohol or benzene to the flask, replace 
thermometer, invert cup B, and heat again to boiling. Continue 
the gftTnpliTig as before for 15 to 20 different compositions of the liquid 
over the range of 95 mol per cent of GHaOH to 95 mol per cent of 
CbEU, by TTialdng proper adjustments of the relative amounts of 
the two substances. The boiling points should of course be 
carefully noted and recorded just before every sampling. The 
small sample bottles, or small test tubes or small vacinne tube^ 
provided with corks, should be arranged in a {Systematic order on 
the laboratory table so as to be ready when needed. They may be 
labdled Yj, Vs, Vs, . . . for the samples of condensed vapor and 
Li, Ls, La, . . . for the samples of the liquid taken from the flaalr 
The samples may be very small, three or four drops being quite 
sufifldent. 

The samples collected are now to be analyzed by maana of the 
Abb€ refractometer (see 36). To be dble to do this one 
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know how the refractive index changes with the composition of 
the mixtures. This is accomplished by taking nine small bottles, 
placing them in a row, and adding from a 1 cc. pipette, graduated 
in 0.01 cc., 0.100 cc. of benzene, previously cooled to 20.0° C. in 
a bath, to the first bottle, 0.200 cc. to the second bottle, 0.300 cc. 
to the third bottle, and so on. The pipette is cleaned by blowing 
air through it, and then methyl alcohol, hkewise cooled to 20.0° C., 
is added, 0.900 cc. to the first bottle, 0.800 cc. to the second, 
0.700 cc. to the third, etc., so that each bottle thus contains 1.00 cc. 
of a mixture of definite amoimts of benzene and methyl alcohol. 
Taking the density of benzene at 20.0° C. to be 0.879 and that of 
methyl alcohol to be 0.792, calculate the composition of each mix- 
ture in terms of mol per cents. Now determine the refractive 
index of these mixtures and also of the two pure liquids at 20.0° C. 
and plot the refractive index against the composition in mol per 
cents. By drawing a smooth curve (one that has no sharp breaks 
or sudden changes in slope) through these p>oints the mol per- 
centage corresponding to any refractive index can be read off 

directly. 

Determine the refractive index, at 20.0° C., of each of the 
samples collected and read off its composition. Finally plot the 
boiling temperature of each sample against the composition of the 
vapor and liquid phases expressed in mol per cents and draw 
smooth vapor- and liquid-phase curves. Describe, in terms of the 
diagram, the changes that take place in the two mixtures boiling 

at 60° when they are fractionally distilled. 


Abbe Refractometeb 

When a ray of monochromatic light passes from a less dense to a 
more dense medium, it is bent or refracted towards the nonn^. 
If we let i be the angle of incidence, that is, the angle between the 
direction of the ray of hght and the normal to the sirface between 
the two media, and let r be the angle of refraction, then the law of 

refraction gives us the relation 

sin t ^ 
sin r n 


„ and JV are'the indices of retraction of the lees dense and tte 
dense media, respectively. When the ray just grasee the 
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surface between the media, i is a maximum and is equal to 90°. 
Since sin 90° = 1, the refractive index of the less dense medium 

is then given hy n = N sin r. . • . t 

In the Abbe refractometer the more dense medium consists ot 

a right-angled glass prism ABC (Fig. 35) . The less dense medium 

consists of a layer of the liquid under investigation 

placed in contact with the hypotenuse face AB. 

The following paragraph is quoted from Findlay, 

Practical Physical Chemistry, pp. 94-5, 4th Ed. 

Figure 35 is also from this source. 

“. . . a ray of monochromatic light pa ssi ng 

through the liquid and entering the prism at graz- 
ing incidence, will emerge from the face AC per- 
pendicular to that face, provided n = N sin A ” 

(that is, when r = A). “ For any other value of 

n, however, the ray of light wiD emerge at an angle 
to the face AC, less than a right angle, and in order 
that the ray may be brought parallel with the axis Fjq. 35 
of the telescope, T, the prism must be rotated 
through an angle a. By determining the value of the angle of 
emergence, a, the refractive index of the liquid, n, can be calculated 



from the relations: N 


sm a ^ 
sin /S’ 


^ r = A; n — N sin r. By 


eliminating /3 and r, we obtain n = sin A V — sin^ a — cos A 


sm a. 


ij 


The instrument is shown in Fig. 36. In carrying out a deter- 
mination the telescope and prism arm are swung away from the 
operator so that the upper pr ism is in a horizontal position and a 
drop or two of the liquid imder investigation is placed on the 
prism. The lower surface is then turned over and clamped. 
The telescope and prism arm are then swung back to the stop and 
the mirror is adjusted so that light from a window in front of the 
instrument is sent into the telescope. The eye-piece is focused 
on the cross- wires and the reading lens on the scale; on mo\dng 
the p rism arm a position can now be found where the lower part 
of the field is dark and the upper part light. In general, the 
border-line will be found to be colored, due to the fact that white 
light and not monochromatic light is being used (the scale readings 
are for the D-line of sodium). This is corrected by turning the 
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milled screw-head on the telescope, which operates the “ compen- 
sator," consisting of two prisms which rotate in opposite directions 
and so form a system of variable dispersion, until the colored fringe 
disappears and the light band shows a sharp edge. The prism 
arm is now moved imtil this edge just crosses the intersection of 

the cross- wires; the refractive 
index is then read off on the 
scale, as the scale is graduated 
directlv in values of the refrac- 
tive index instead of in de- 
grees, estimating the last figure 
to one-tenth of a scale di\asion. 
The reading lens should be 
turned so that the inner reflect- 
ing surface of the tube helps 
to flluminate the scale. 

As soon as possible the liquid 
should be removed from the 
faces of the prisms by means 
of a swab of absorbent cotton 
soaked in ether or ether-alco- 
hol, the swab being renewed 
two or three times. In the 
above experiment, where mix- 
tures of benzene and alcohol 
are used, the swabbing liquid 
may be dispensed with. Particular care should be exercised that 
the surface of the soft glass of the upper prism is not scratched; lens 

paper or absorbent cotton only should be used. 

The accuracy of the refractive index scale is checked by mear^ 
of a small test piece of glass suppHed with the instrument. This 
test piece has two polished surfaces at right angles; the larger face 
is attached to the upper prism by means of a small drop of a Uqmd 
of high refractive index, such as monobrom-naphthalene, m such 
a position that the ground end of the piece is directed toward the 
mirror. The lower prism must first be slipped off its hinge, in 
a poor light the polished end may be directed toward the mirror, 
the light being dispersed by means of a piece of tissue paper or 

lens paper. 
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Set the prism arm so that the reading corresponds with the 
le&active index etched on the test piece and by means of the 
compensator obtain a shaip colorless edge between the light and 
Harlr fields in the telescope. If this edge coincides with the inter- 
section of the cross-hairs, the instrument is in proper adjustment; 
if it is not, loosen the two set screws which keep the prism box in 
a position relative to the prism arm, move the prism box until 
coincidence is secured, and fasten the set screws again. Instead 
of tna-lring this adjustment, however, it is more convenient to use 
the difference between the reading in the telescope, when the test 
piece is used and the prism arm is moved until the edge between 
the liebt. and dark fields coincides with the intersection of the cross- 
hairs, and the conect value of the refractive index of the test 
piece as a constant correction to be applied to all readings. 

In case the lower prism is so fastened that it does not slip off its 
hinge, set the instrument upon a box in front of a window and 
adjust it so that the face of the upper prism is horizontal and the 
telescope is pointing slightly downward toward the student. The 
test piece may now be used as before, the light, however, coming 
directly to it bom the window instead of first beiog reflected by the 
mirror. The relative positions of the light and darir fields will be 
reversed but this does not affect the readings in any way. The in- 
strument may be used in this position throughout tiie experimmit, 
an important advantage bemg tiiat the telescope and prism arms 
need not be moved at all whmi the samples arQ being exchanged. 

The temperature of the prisms should be kept constant by dr- 
culatmg water through the metal jackets surrounding the prisms 
(the thermometer having been inserted into place beforehand). 
This is conveniently done by siphoning water kept at the constant 
temperature from one large beaker to another at a lower level, the 
flow of water being r^iulated by means of a screw damp on the 
rubber coimeetions. 

Rubbbncks: 

Taylor, dutp. X. 

Bodebudi, Chapa. YEI and 

Getanan and Danida^ Chaps. V and VIL 

Millaid, Chap. V. 

EindDay, Chapa. V and xix. 

Eari H. Brown, J. Chen. Ed., 9, 1114 (1982). 

CUUna Moniaon and Stona, ibid., 740 (1988). 
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EXPERIMENT 16 

FRACTIONATING COLUMN EFFICIENCY 


By drawing illustrative material from the vast amount of 
recorded work on the fractional distillation of mixtures of volatile 
hquids, some very instructive experiments could be devised. 
We have already described, in Exp. 15, an analytical method 
(using a refractometer) for constructing the boiling point-compo- 
sition diagram for the azeotropic mixture methyl alcohol-benzene. 
In the present experiment we shall describe a very simple scheme 
involving a graphical method, for comparing the efficiency of 

fractionating columns, or still-heads. 

In the ordinary set-up of fractionating flask and condenser, 

employed by the organic chemist in his laboratory mampulations, 

we may call that portion of the flask below the vertical column the 

boiler, and call the vertical column, up to the point where the 

vapors enter the condenser, the still-head. At the exit end of the 

condenser there is generally located a receiver. The mixti^ of 

volatile liquids to be separated is placed, of course, in the boU^, 

and is generally boiled at atmospheric pressure, although e^tly 

the same principles are involved at a redu^ 

general principles, underlying the theory of fractional distillation 


are as follows : 

Let us limit our considerations to a 2-component mixture, 
and suppose that the mixture is not azeotropic. In the 
experiment we shall work with a mixture of ben^ne ^d toluene. 
It happens that this mixture is almost ‘‘ideal ’ m i 

benzene is present in larger amount and is thus to be called 
solvent, then according to Raoult’s law 

Vh = Vb° • Nb ^ ' 


where p, ia the pressure of the vapor of bensene m 

temperature, and Ni. ia the mol fraction of the bemeno. The 

122 
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idationBlup may be stated for toluene, the solute, but when stated 
for a solute it is known as Henry's law: 

Pt = pf-Nt. ( 2 ) 

The total pressure of the vapor in equilibrium with the liquid 
mixture is (p» + Pi)» ^ boiling point of the mixture is, of 

course, equal to the atmospheric pressure. If the vapor pressuree 
of the two pure liquids are known over the boiling point range, from 
80" for HftTimnft to 111" for toluene, the composition of the vapors 
for various compositions of the liquid mixture can be calculated by 
F,q^^f^iannH 1 and 2 and the boiling points plotted against liquid 
and vapor oomposition; as in Fig. 37. In general such a plot of 



Fwa. 37 

calculated data would not agree at all well with a plot of actual 
eaperimental data, because of the failure of Baoult’s and Heruy's 
laws. In this particular case, however, with benaene and trduene, 
the agreement is fair. 

The oompoatUms mi^ be conveniently plotted in terms of mdl 
fraetiona The lower curve gives the cmnposition of the liquid, 
tile upper of the vapor. If a 50-50 mdl mixture of benaeriB and 
tolueiie is put in the boiler flask and boiled, the composition of the 
fimt vapor to came iB much licbar in benaene, the more 
volatile component, than the liquid. On continued boiling the 
liquid beoames poorer and poorer in benaeim, and richer and richer 
in tohienB, tiie cmnpoation drifting up the curve to, let us say, x/. 
H the vapom ocaning off during this interval are condensed and 
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collected, the resulting condensed liquid will have a composition 
the average of and namely about 0.37 mol toluene and 0.63 
mol benzene, much richer in benzene than the starting liquid. 
If now this liquid is boiled, the first vapors that come off will have 
the composition Xt,", Thus, by the usual scheme of successive 
fractional distillation, the mixture can eventually be fairly well 
separated into its two constituents. 

It is the ftmction of an eflB.cient still-head to save much of the 
time and labor required for such a tedious scheme of separation. 
A good still-head is different from the very inefiScient still-head 
of an ordinary fractionating flask in two respocts. (1) Not only 
can separation of the differently volatile constituents be achieved 
by evaporation, during which the more volatile substances escapes 
more easily, but also by condensation, during which the less volatile 
substance condenses more easily. In the ordinary fractionating 
flask little condensation occurs imtil the mixed vap>ors have passed 
out of the still-head into the condenser, where there is then no 
chance of obtaining any further separation, since everything that 
enters the condenser, in the usual arrangement, passes on to the 
receiver. However, in a good still-head, separation by condensa- 
tion plaj’^ an important part. (2) Also in a good still-head, 
repeated evaporation and condensation are made to occur. 

These two effects, (1) and (2), may be embraced by another 
manner of statement. To obtain efficient separation, there must 
be a good deal of mixing and intimate contact between the hot 
rising vapors and the cold condensed hquid trickling back toward 
the boiler, so that equilibrium will be attained between vapor and 
hquid at the various points throughout the length of the still-head. 
In this state of affairs, the warmer rising vapors wiU be robbed 
continuously of their less volatile component by condensation, so 
that the more volatile component passes on up the column; and 
conversely, the cooler descending hquid is continuously having its 
more volatile component boiled out by evaporation, so that the 
less volatile component passes on down the column, back to the 

boiler. 

For iUustration, let us take the modified Young evaporator 
stiU-head, shown in Fig. 38. The column consists of a series of 
bulbs, B, three or more. Resting on the bottom of these bulbs, 
but not sealed on, are inverted test tubes, flared out into a funnel 
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shape at the bottom, and with two holes, H, at the top ; and rest- 
ing on these test tubes, are inverted tubes with flat tops, T. The 
vapor from the boiler passes up through a funnel, out the two holes 
H, down and up again, and finally enters the 
next bulb. The cooler condensed drippings from 
an upper bulb pass between the funnel and the 
bulb wall, fall upon the hot top T of a lower 
bulb and are partially re- vaporized. The warm 
vapors, issuing from H, strike the relatively cool 
top T and are partially condensed. The con- 
densed liquid traveling down and the vapors 
rising up are brought into very intimate contact 
both in this way, and by a turbulent, eddying 
motion, at manv noints in the still-head. In an 


crdinary fractionating flask col 
vapors are pretty well channeled 
the tube, and the liquid 


down the walls 


hence very little intimate mixing an 
result. 

Graphical Method for Showing ! 
Still-Head. If the still-head were 1C 
a plot of the boiling point against 




yield a graph 
like A in Fig. 
39. The ther- 


Fia. 38 


mometer would be placed, of 
course, at the top of the still- 
head near the opening to the 
condenser. The thermometer 
reading would remain perfectly 
constant at the boiling point of 
benzene, or any other more vol- 
atile constituent, imtil all of the 
benzene passes into the conden- 
Then the 


Fia. 39 


temperature 
would rise at once to the boiling 

point of toluene, or any other 
less volatile constituent, and remain constant while the toluene is 

boiling over. With a very inefficient still-head a curve Himiltu* to 
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B would be obtained; and stlU-heads of intermediate efficiencies 
would give curves lying somewhere in between A and B. 

Since it is in general difficult to operate different still-heads at 
the same rate, it would be better to plot boiling points against 
volume of distillate, rather than against time. 

Experiment- Test the efficiency of several different types of 
still-head, tising an approximately 50-50 mol mixture of benzene 
and toluene. Run a rapid stream of cold water through the 
condenser, and catch the distillate in a burette or graduate cylinder. 
A thermometer reading to 0.1°, and well shielded from draughts, 
should be used. Plot the results as indicated above. 

An ordinary fractionating flask with an extra long still-head 
should be studied first; and then its column may be packed, 
first with pieces of broken glass tubing about 1 cm. long and 4-5 
mm. diameter, and second with crystals of carborundum, of about 
the same size as the glass tubes, with plenty of sharp comers and 
edges. Also run a Young evaporator type still-head, described 

above. 

If desired, the student may study various other ty3>es that may 
be available, to get an idea of relative efficiencies; e.g. such still- 
heads as the Rod and Disk type, the Linnemann, Glinsky, and 

Le Bel-Henninger, etc. 

Referxnces: 

Taylor, Chap. X. 

Rodebush, Chap. VII. 

Getman and Daniels, Chap. VII. 

Millard, Chap. V. 

Findlay, Chap. XIX. 

Eucken, Jette and LaMer. 



EXPERIMENT 17 


RECIPROCAL SOLUBILITY; COMPLETELY CLOSED 

SOLUBILITY CURVE 


Only about a half-dozen liquid-liquid systems are at present 
known, the mutual solubihties of which vary with temperature 
in such a manner as to yield a completely closed solubility curve, 
such as the nicotine-water system; although it is possible that a 


great many liquid-liquid systems would be of this type if physical 
properties such as melting point and boiling point would permit. 
Recently, Cox and Cretcher of the Mellon Institute have reported 
(/. Am. Chem. Soc., 48, 451 (1926)) interesting hquid pairs of this 
sort, consisting of water and the alkyl ethers of ethylene glycol, 
which are well adapted for laboratory experimentation. 


Exfebxmsntal 

Mono-n-butyl ether of ethylene glycol* is distilled and a fraction 
boiling within a few tenths of a degree is collected. This material 
and freshly boiled distilled water are then weighed into six glass 
tubes, each of about 15-20 cc. capacity and of the form shown in 
Fig. 40, as follows : 

Tube 1. 1.00 g. glycol ether 9.00 g. water 


Tube 2. 2.00 “ 8.00 

Tubes. 3.00 “ 7.00 

Tube 4. 4.00 “ 6.00 

Tube 5. 5.00 “ 5.00 

Tube 6. 5.75 “ 4.25 


The contents of each tube weigh 10.00 g. The quantities may 
vary as much as 0.1 g. from those given but the weights of each 
liquid should be known to within 0.01 g. 

The tubes may be conveniently made from well-formed and 
thick-walled test tubes. Tubes made from pyrex glass, however, 

♦ May be purchaaed from The Carbide and Carbon Chemical Corporation, 
42nd St. and 5th Ave., New York City. 

IV 
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Fig. 40 


are much to be preferred. Since in the tubes, when they are 
heated, a pressure somewhat above atmospheric is generated, it is 
recommmended that the instructor himself make up the tubes for 
this exijeriment so that he will be confident that no accident due to 

faulty tubes or to faulty sealing can occur. Such a 
set, once made, can be used over and over again by 
students. 

After the tubes are supplied with the above mix- 
tures, they are sealed off and the composition of their 
contents etched on the glass with hydrofluoric acid. 
To do this, coat the tube with a thin layer of melted 
paraffin and with a sharp point scratch through to the 
glass. Then with a small camel’s hair brush or with 
a tuft of absorbent cotton fastened on the end of a 
match-stick or a file apply a httle hydrofluoric acid. 
Let the action of the acid continue for a minute or two, occasion- 
ally passing the brush over the figures so as to keep the grooves 
supphed with the acid. Then carefully wash off the excess acid 
and remove the paraffin by warming and wiping with, a w^ 
piece of cloth. (Great precautions should he observed m hanMt^ 
hydrofluoric acid, as U burns the skin very seriously and pamJuRy. 

The fumes should not be inhaled.) u ui.. 

The six tubes are placed in a row in a wire holdw, attach^le 
to a motor-driven mechanical shaker operating verticaUy. The 
wire holder is made of spring brass wire; coils of sprmg brass ^t 
the bottom keep the tubes firmly m place. The mechamc^ 
shaker is pror-ided so that the studmt ^ not be 

^^oled and shaken simultaneously so that the student wJl 
not have to handle any of the tubes while they are hot. 

r^TeTof a Bunyn 

r'*’ telow'^a^ t°he'’tTO values should check within 0.5°-1.0“. B 
S3^b^ “ itrTe it rougUy 

then to redetermine it more carefully wrth slow heatmg. 



RECIPROCAL SOLUBILITY 




The heating is now continued until the turbid) 
higher temperature and each mixture in turn 

Again locate this temperature fo: 


I 

Do not use a ring 


geneous again. 

above as well as from below. 

Precautions must be taken against accidents 
to support the heavy beaker of hot glycerine; a number of serious 
accidents caused by the breaking of such rings have recently been 
brought to our attention; always use a tripod and a wire gauze. 
Do not allow any water or other Liquid to fall into the hot glycerine 
bath, as the sudden conversion of water into vapor may give a 
violent explosion. For this reason, also, the tubes used in the 
experiment should be without imperfections. Do not, under any 
circumstances, heal the bath to a temperature higher than 135° C. 
This precaution is necessary because the opalescence which per- 
sists near the consolute temperatures may lead students to heat 
the bulbs to a dangerously high temperature. The difficulty due 
to opalescence may be avoided by placing an electric Light behind 
the bath, so that the contents of each tube may be viewed by 
transmitted light ; the sharpness with which the wires of the holder 
may be seen through the mixtures pro'iddes a good criterion of their 
homogeneity. The experiment should be performed in a closed hood 
or behind a thick glass partition. 

As glycerine readily absorbs moisture from the air, it should be 
kept in a glass stoppered bottle when not in use. Before attempt- 
ing to pour it back into the bottle, however, it should be allowed 
to cool to room temperature. Neglect of this precaution may 
lead to severe bums. 

When the upper and lower temperatures have been determined 
for each mixture, plot these temperatures against the per cent of 
glycol-ether. What are the upper and lower consolute tempera- 
tures for this system? If a line be drawn connecting these two 
points, is the closed curve completely symmetrical about it as an 
axis? What is the physical significance of S 3 unmetry or departure 
from symmetry in such a curve? Draw the “ tie-line ” at 100°. 
If 20 g. of the glycol-ether and 30 g. of water were heated together 
to 100 , what would be the weight of each layer? Apply the phase 
rule to this system and indicate the number of degrees of freedom 
to be found in the various regions of the diagram. 
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EXPERIMENT 18 


molecular weight by Bon.mG point elevation 

When a non-volatile solute is dissolved in a solvent, the vapor 
pressure of the solvent is lowered, and hence the boiling point of 
the solvent is raised. The ability of a solute to elevate the boiling 
point is a so-called colUgaiive property, i.e. it does not depend on 
the nature of the solute molecules but only on the number of solute 
molecules dissolved in unit volume or unit mass of solvent; i.e., 
it depends on concentration. Freezing point depression, osmotic 
pressure, and relative lowering of vapor pressure also depend on 
the number of solute molecules and not on their chemical nature. 
Such a principle may be employed in the experimental determina- 
tion of molecular weights of solute molecules, since it furnishes a 
method for virtually counting molecules, or at least a criterion for 
telling whether or not there are the same number of dissolved 
molecules in one sample of solvent as in another s im ilar sample of 
the same solvent. If the numbers of solute molecules are the 
same in the two cases, regardless of whether they are the same 
kind of molecule, the boiling point elevations will be the same for 
the two solutions. 

The development of this method for molecular weight deter- 
mination starts with an arbitrary definition of a molal boiling 
point elevation, which is taken as the boiling point elevation which 
results when'l mol (i.e., 6.06 X 10** actual molecules) of non- 
volatile, non-dissociating and non-associatmg solute is dissolved iu 
1000 g. of solvent. 


symbol 


This molal e 
! for different 


solvents. It may be evaluated 
for a given solvent by experimental determination, and it can be 
calculated by proportion even if the particular solute chosen 
for the experiment is not sufficiently soluble to give a 1 molal 
solution (1000 g. solvent). Indeed Ki must be evaluated by 
working with a dilute solution and making the calculation by 
proportion, rather than with such a concentrated solution as 1 
molal, because of the usual breaking down of simple functional 
relationships in concentrated solution. 

141 
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Kb may also be calculated approximately from the thermody- 
namically derived equation 



where R is the gas constant, T the absolute temperature of the 
boiling point of the pure solvent, AH, the molar heat of va'porizor 
iion of the solvent, and Nb the mol fraction of the solute. When 
Hj? is such that 1 mol of solute is dissolved in 1000 g. of solvent, 
then ATb = Kb. (For a derivation of this equation, see Rodebush, 
pp. 155-9; or Getman and Daniels, pp. 167-70.) For example, in 
the case of water as solvent 



1.99 X (373)* 
539 X 18 


1 mol 

1000 g. 
18 g. 


= 0.514 


as compared with the experimentally determined value of 0.512. 

Cnee Kb for a solvent is evaluated, either experimentally or by 
calculation with Equation 1, above, molecular weight determina- 
tions of solutes dissolved in this solvent can be made. If ATb 
is the observed boiling point elevation when g grams of solute are 
dissolved in G grams of solvent, then 


g 

G 


ATb 


M 

1000 


Kb or M 


1000 g Kb 
G- ATb 


( 2 ) 


where M is the molecular weight of the solute molecules. 

If any considerable degree of accuracy is to be obtained in 
measuring small differences of temperature, such as those en- 
countered in boiling point elevation determinations, it is necessary 
to have available a very sensitive thermometer. Both the electric 
resistance thermometer and the multiple thermocouple meet this 
requirement admirably, but for the present purpose the Beck- 
mann mercury thermometer serves well enough. 


The Beckmann Thermometer 

The Beckmann thermometer, illustrated at T in Fig. 41, is made 
with a large bulb, so that a small rise of temperature wm forre 
a comparatively large volume of mercury up into the sm^ capil- 
lary stem, and hence move the top of the mercury thread a con- 
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siderable distance along the scale. The Beckmann scale is m^l 
in intervals of 0.01°, and with a magnifying glass it can easily 
read to 0.001°. Such a thermometer necessarily covers onl; 

rttirII temperature range (5°-6° on the 
Beckmann scale); otherwise the stem 
would be inconveniently long. But it 
is possible to work over a large temper- 
ature range through the provision of a 
ir^ervoir of mercury R at the top of 
the thermometer. The thermometer 
must be “ set ” so that the desired tem- 
perature will be indicated on the scale. 

Suppose that we wish, as is the case in 
the present experiment, to determine the 

of acetone solutions. 


boiUng point 
Acetone boils at about 56.5° 


The 



T 


mometer bulb is immersed in a beaker 
of water which is gradually heated to a 
temperature of about 62° (several de- 
grees above the desired temperature), 
as indicated by an ordinary mercury 
thermometer also in the water-bath. If 
there happens to be too much mercury 
in the bulb, it will be driven up the scale 
into the reservoir at the top. A gentle 
blow struck on the top of the thermom- 
eter with the hand will cause the capil- 
lary thread of mercury to break away 
from that in the reservoir, and when the 
bulb is cooled somewhat, the thread will 
descend on to the scale. If there is not 
enough mercury in the bulb to r^^ster 
on the scale, it must be warmed up until 
the thread reaches the reservoir. Then 
by inverting the thermometer and tap- 
ping gently, the extra supply of mercury in the reservoir and the 
thread are brought into contact, so that they cohere. Now, if 
the bulb is cooled, mercury is drawn over from the reservoir. 
In this way the required adjustments are made to bring the top 



Fig. 41 
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of the mercury thread near the bottom of the scale for the boiling 
point of acetone. (Similarl 3 ’^, for freezing point lowerings, the 
mercurj- should be adjusted to be toward the top of the scale, 
when the bulb is at the temperature of the melting solvent.) 
Great care should be exercised in handling the thermometer, as it is 
quite fragile (and a Beckmann thermometer costs S15-S20). 

The boiling points of pure liquids are easilj" and accurately 
measurable hy \urtue of the possibihty of placing the thermometer 
bulb in the vapor phase. The condensing vapor forms a thin 
film of liquid on the bulb and this promotes a rapid attainment of 
equdibrium between the vapor and liquid phases. In the case 
of a boiling solution, however, since the temperature at which the 
vapor condenses on a thermometer bulb placed in the vapor phase 
is the same as for the pure solvent, the thermometer bulb must be 
brought in contact with the solution. The usual practice has been 
to immerse the thermometer bulb in the boiling solution, but in 
doing this, the thermometer is exposed to almost certain sui^r- 
heating even with the most careful control of the heating, whether 
it be by gas flame or electrical. Furthermore, the boiling pomt 
of a hquid several centimeters below the surface may be as much 
as 0 1° too high, due to the effect of the hydrostatic pressure. 
Thus a large thermometer bulb, such as the Beckmann, ^ves 
merely a r^ugh average of the temperatures eating throughout 

« considerable depth of Uquid. To avoid ““"ly 
devised a novel form of the boding point apparatus (/. Am. 

Soc 41 721(1919); the apparatus has been improved y 

Am. CAm. Sec., 41 , 729 ( 1919 )). 


The Cottrell Boiling Point Apparatus 


It consists 


The form of the apparatus is 
^i^es a cork stopper holding the Beckma^ 

tached to the glass stopper are also ^th 

“ra"";r— :?a^^ rbottom m a 

jets and " i^^es of porous plate are added to 

r! ntTulipirahd the solution is carefulbt heated to boihng. 
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i%0 


are nroduced rise 


boiling liquid. 


the vertical stem, cany along 
The solution is then squirted 



; thermometer bulb, whence it drips back mto tne 
bottom. The thermometer bulb is thus kept covered with a thin 
film of solution. Even if the boiling solution is somewhat super- 
heated, the smaU portions delivered to the thermometer bulb wiU 
have ample time to come to thermal equihbrium with the vapor 

he solution and the vapor in contact with it near 

the thermometer bulb are also under the same pressure. The 
thermometer is protected by the C 3 'lindrical glass shield M (which 
is an extension of the glass stopper) from being cooled by the 
drippings returning from the reflux condenser. It is important 
that this condenser be long enough to prevent any material escape 
of vapor from the tube. The funnel at the end of the pump 
should not be too small, else difl&culty maj’’ be experienced in getting 
the pump to work; also the funnel should not be too flat. If 
p um ping starts with difficulty, it is often possible to help matters 
by usin g a greater quantitj’’ of solvent, thus increasing the hydro- 
static pressure at the funnel. The mouth of the funnel should be 
not far from the bottom of the container tube. J. R. Spencer, 
J. Am. Chem. Soc., 43, 301 (1921), describes a slightly modified, 
more ruereed. form of the Cottrell apparatus. 



After having set the Beckmann thermometer for the boiling 
point of acetone, and with a stream of cold water flowing through 
the condenser, introduce a known weight of acetone (about 20 g.) 
into the tube, along with a few small pieces of clean porous plate. 
It is essential that the apparatus be protected from drafts of air, 
and that the heating be regular. Use a small gas flame from a 
micro-burner. After having once adjusted the flame to give a 
steady evolution of vapor, do not change it during the remainder 
of the determination. In order to start the pumping it may some- 
times be necessary to shake the tube, or to lift out the glass stopper 
and its funnel attachment from the liquid and then replace it. 
While determining the boiling point, the Beckmann thermometer 
should be tapped every few seconds to prevent the mercury thread 
from sticking to the walls of the stem capillary. The tapping 
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may be done with a light wooden rod, such as a pencil, or better 
by a mechanically operated tapper. 

After the temperature has become constant and the boiling 
point of acetone has been noted, add enough benzoic aid to make 
an approximately 2 per cent solution, and determine the rise in the 
boiling point. The benzoic acid should be compressed into little 
pellets either in a peUet machine or by forcing it into a small glass 
tube with a glass rod which just fits the tube, like a piston. If the 
pellets stick to the glass tube, they may be readily removed after 
warming the tube over a small flame. The j>eUets may be intro- 
duced into the acetone through the condenser. Determine also 
the boding points of 4 per cent and 6 per cent solutions. From 
your results calculate the boiling point elevation, Kb, and from it 
the heat of vaporization of acetone. Compare your values with 
those given in tables of physical constants. 

Determine the boding point of a 4-5 per cent solution of a-naph- 
thol in acetone, and using your own value for the molar boiling 
point constant of acetone, calculate the molecular weight of 

a-naphthol. 

In this exp>eriment it is necessary to know the weights of both 
solute and solvent fairly accurately, say to three or four signficant 
figures. To weigh the solvent to a hundredth of a gram would 
necessitate weighing the apparatus as wed, which woidd be cum- 
bersome. From a manipiilative point of view it would be easier 
to use a definite volume of solvent in each determination. By 
weighing this volume (deHvered from a pipette) of solvent once, 
in a beaker or flask, the same volume could be used in succeeding 
determinations without any further weighing, by using the same 

pipette at the same temperature each time. 

Probably the largest error in tie determination of molecular 

weights by this method arises from the loss of solvent by evapora- 
tion through the ground glass joint, and the condenser. By 
drawing off samples of the solution for analysis at the time of the 
thermometer reading, very precise results may be obtamed, but 
the student is not asked to carry out this operation m the 
present experiment. It should be remembered, too, that the 
^ding point may change during the determination because of a 
-^ange in atmospheric pressure. One way of eliminatmg sue 
r»ns.sible error is to employ two sets of the CkittreU apparatus 
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simultaneoiisly, one with the solution and the other with pure 

^Various other solvents, other than acetone, may be used m this 
experiment, as weU as other solutes, as the instructor or student 
may desire. The values of Ki for some common solvents are given 

in the following table. 

TABLE X 


Values of Kh 



A useful micro boiling ix)mt method has been developed by 
Pregl. One is able to wor.k with such small quantities as ^ 
milligrams of solute in 1.5 cc. of solvent. {OmrUOative Orp,nic 
Micro-analysis, by Piegl, 1924, translated by Fylemanp' cf. 
Barger, Ber., 64, 1979; 66, 1051 (1921).) 


Taylor, Chap. VUI, 

Rodebush, Chap. VTI. 

Getman and Danieh, Chap. VlIL 
Millard, Chap. V. 

Findlay, Chap. VUL 
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EXPERIMENT 19 


APPARENT MOLECULAR WEIGHT OF POTASSIUM 

CHLORIDE; FREEZING POINT METHOD 



In the present method for determining the lowering of the 
freezing point of the solvent produced by a solute, satisfactory 
measurements can be made with a thermometer graduated to 0.1°, 
\jn which the temperature can be estimated to 0.01°, but it is more 
desirable to make use of a Beckmann thermometer. This should 
be adjusted so that the freezing point of water is near the top of 
the scale (dtrectiom for setting the Beckmann thermometer are 
^ven in Exp. 18). A Dewar test tube, or a thermos bottle, of 
about 4^0-500 vc. capacity is provided with a cork stoppyer through 
^ 'hich the thermometer is inserted, so that the thermometer bulb 
" ^ 3 nds to about 2 cm. from the bottom. The cork also has a hole 
■‘rmit the insertion of a 10 cc.. pijiette, ^hich is provided at its 
to T) with a filter made of a short piece ot rubber tubing stuffed 
lower tip ^ absorbc\::it cotton. 

with a loo th^Tnos bottle and fill it abo it half full of finely 
Clean / . Meeting the ice, the clear ice on the outside 


crushed 
oi the 



cleaB 

ock 



dissolved material 


to permit easy shaking of ice and water. 

Wita tbe thennometer in 

temperature every half get ^orm to 

mometer should be tapped h^f^y 
Sticking. Continue taking the *'-P«rature 

ten have been secured which vt. 
another. The average of these xa. 

|X)int of water. 

Prepare a solution of about 20 g 
100 cc. distilled water. Keeping 
thermos bottle as much as possible 
stitute the salt solution, adding mo 
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not more than 0.01° from one 
dings is taken as the freezing 



pure potassium cnlonde m 
3 thermometer inside the 
out the water and sub- 
f necessary. Insert the 







APPARENT MOLECULAR WEIGHT 

pipette (with fflter attached) and, shaking the bottle at the same 
rate as before, again take tonpeiatore reading every half minute. 
At first the temperature will fall, then it will be fairly constant 

for a number of reading? and finally will begin to rise ag^ The 

solution should be concentrated enough so that the reading is near 
the lower end of the thermometer scale. When it is noted that 
the temperature is rising at a constant rate, withdraw 3 or 4 cc. 
of the solution by means of the pipette, and run it into a small 
weighed Erienmeyer flask. With the more dilute solutions oone- 
g pnTiHingly larger amounts should be withdrawn. Determine the 
OTpight . of the sample and titrate it with a s tandar d 0.1 N solution 
of silver nitrate, nHing sodium dhromate as in d i c ator. FVom these 
data the wei^t of the salt and the weight of the water are cal- 
culated. 

The student should MmHBlf atandaidiae the olver nitrate sohH 
tion a^unst known wei^ts of potassium chloride. This procedure 
win give him frequently muchrneeded eaqierience in titrating and 
win help him to get consstent end-pointa. 

The temperature on the Beldonaim thmmemeter must be noted 
at the inutmif. of the withdrawal of the sample of solution, sinoe 
the temperature is steadily changing; or the time of witiidrawal 
may he noted and tiie correeponding temperature read from a plot 
of temperature against time. 

Add enough water to tile contentB of the thannoebottie, and more 
ice if necessa^, to raise the heeauig pohit about OjB", and again 
determine the freeaing point lowering and the wdghts of atdvant 
and salt. Repeat tins procedure until finsdly the solution oontaina 
leas than 1 pe^ cent -pataasinm dSdddg. In ease the aeaaaa is 
interrupted so that the tiietraameter oamee to rocan temparatuR^ 
it is advisable to redetermine the heeling point of pore water. 

Calculate the apparent molecnlar wei ght of potesdum "hlnri /io 
at the various oonoratiation^ by mdng fcdhiwilig egnidawii 
(ahnilar to Equation 2, Eip. kEQ, 

♦ 

where JIf is the moleeidar wei^t, g and O the wei^ in pwmijk 
solute and solvent respeiEtivell^, AT/ the observed 
point deprasooii, and Ef the wmii j freeating pnipt dim*— iii«i 
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(for water, Kj = 1.858). As in the case of (see Exp. 
Kj for any solvent may be calculated, but in this case 
LHf, the molar heat of fusion, by means of the equation 


18), 

from 


Kf 


RT^ 1 mol solute 


AHf 1000 g. solvent 


The degree of ionization a may be calculated for weak electro- 
lytes by means of the equation 


1 


a 


n 


1 


where n represents the number of ions yielded by di^ociation of 
one molecule (n for KCl is 2), and where t is the van’t Hoff factor. 


) , namely the ratio of the actually observed freezing 
0 



depression to the depression which would have been observed if 
the solute were not dissociated at all into ions. In the case of 
strong electrolytes, like KCl, a has a doubtful meaning. The 
concept of activity coefficient is much more useful, but a discussion 
of activity and activity coefficient, and a description of methods 
for evaluating them from freezing point data, are beyond the scope 
of tb 1 R manual. The student should consult Getman and Daniels, 
pp. 510-22; and Lewis and Randall, pp. 341-63; or other refer- 
ences. 

While water is perhaps most frequently employed as solvent 
in measurements of freezing point depression, there is no reason 
why other convenient solvents, for example various orgamc 
solvents, should not be used. A successful micro method has 
been develoj>ed, involving the use of only very smal l amounts of 
the organic solute, the molecular weight of which is to be deter- 
mined. Solvents are chosen that have very large values for Kj, 
such as camphor (K/ = 49.80), tribromphenol (K/ = 20.4), etc., 
so that the observed A Ty produced by the tiny amounts of solvent 
may be made lai^ enough for convenient measurement. The 
values of Ky for some of the more commonly used solvents are 

eiven in the following table. 
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TABLE XI 


Valveb 07 Kf 


Bolvant . 

1 

TVeenng point 


Water 

0® 

1.865® 

Benzene 

6.4 

6.12 

CuKmhor 

179 

40.80 

Naphthalene 

80 

6.8 

Nitrobenzene 

Phenol 

6.7 

38.6 

7.0 

7.4 

Tribromphencd 

96 

20.4 


Taylor, Chap. Vm. 

BodeboBh, CShap. yiL 
Getman and Daniels^ Chap. V lTil. 
Millard, Chap. V. 

Findlay, Chap. VHL 




EXPERIMENT 20 


CALORIMETER; HEAT OF REACTION 


This experiment may be performed separately, for its own sake 
in conjimction "with Exp. 35. The heat, Aff, of the reaction 


or 


Cu 

Cu 


Zn + CnSOi 
Zn + Cu++ 


determined 



This reaction is purposely selected for study 
in order that a comparison may be made between the calorimetri- 
cally measured heat and that predicted by the Gibbs-Helmholtz 
equation from the observ'ed E.M.F. and temperature coefficient 

of the E.M.F. in a Daniell cell (Exp. 35). 
Such a comparison should help the student 
to appreciate the important and fundamental 
relationship between the thermal energy and 
free energy of a naturally occurring process. 

Directions. The calorimeter vessel, con- 
sisting of a silvered Dewar test’ tube or a 
thermos bottle of about 400— 5(K) cc. capac- 
ity, is shown in Fig. 42. The cork stopper 
S carries a thermometer having a range of 
about 10°-50°, and graduated in 0.1° inter- 
vals (a Beckmann thermometer is not 
needed), together with two brass rods RR 
equipped with binding posts and soldered or 
clamped at their lower ends to a small coil 
of about No. 22 B. & S. gage nichrome wire 
(or platinum or other resistance wire), long 
enough to have a resistance of 1-2 ohma 
The Dewar tube should be further insulated 
by packing it in cotton in a glass jar or small 

wooden box. 

A Bolution of CuSO. • 5H,0 is prepared so as to 

SflS SJutiou is placed in the Dewar tube at room temperature 

1S2 



Fig. 42 





CALORIMETER 




and the exact temperatuie determined by placing the stopper 
carrying ilie thermometer in the Dewar tube and noting its 
reading. An excess of pure sine dust, about 9 g., (which, after 
weighing in the test tube T, may or may not be hung inside the 
Dewar to come to the temperature of the GUSO 4 solution) is then 
dumped into the solution and the stopper is quickly r^laced. 
The flask and contents are then shaken with a swirling motion 
and the maximum temperature rise is observed. Care must be 
taken not to shake too violently, as this in itself will produce a 
alight temperature rise. When the mayimntn temperature (use 
reading glass) has been attained and recorded the floslr and con* 
tents me then cooled to the initial temperature. The cooling may 
be hastened by circulating tap water through a U-ehaped 
tube immersed in the Dewar tube. As soon as the initial tempera* 
ture has been reached, a 6 -volt storage battery, which ahnnld be in 
good condition and able to furnish a steady current, is nnnii«^ 4 fHl 
to the binding posts RR, in series with an ammeter and an ad- 
justable rheostat of small resistance. By this arrangement a 
constant heating current of it-3 ampmes is passed through the 
nichrome coil until the temperature has been raised from the 
initial value to the maximum value. The time required for this 
electrical heating is measured with a stop watch. The 
generated electrically in calorimeter is given hy the equation 

ff = 0.239 • • r • f (Ij 

where g is expressed in calories, » in amperes, r in nhwin and f in 

seconds. The resistance r of the nichrome coil may be determined 

while the heating current is flowing, by connecting the bmding 

posts RR to a voltineter (of hi^ resistance) with a scale reading 

0.01 volt, and calculating the resistance from the known value of 
the current and the voltage drop thwHigh the ft pfl. 

'ae ^ue for — AflT, the heat evolved per mol in this 
IS therefore given by the equation 



Aff = (0.0239-i»rt) t roignt of eopper 

weight of oo|)per precipitated 


En^ ^ (9 g.) has been added to precipitate aU of the copper. 

deten^ons should be made and in general 

obtamed should agree within 2% of each other 
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The procedure followed in this experiment is readily adaptable 
to most reactions occurring in solution and possesses the ad- 
vantage of automatically correcting for thermal leakage, for the 
heat capacity of the calorimeter and accessories, and for the 
specific heat of the solution, which is not exactly 1. In thig con- 
nection it is advisable to have the time of electrical heating the 
same as that required for the maximum temperature rise to be 
attained. 

Rxtxbkn'ces: 

Taylor, Chap. II. 

Rodebush, Chap. V. 

Getman and Daniels, Chap. XI. 

Millard, Chap. VII. 

Findlay, Chap. X. 

Eucken, Jette and LaMer. 



experiment 21 

THE BOMB CALORIMBTER; BEAT OF COMBIISTIOE 


Hie of ooanbiiBtioii of a eabetanoe, defined aa tiie heal 
by tihe complete oxidation of one gramnnolecale of that 
piiimtftTini* , may be detennined expe rim entally by means of one of 
the numerooB types of bomb ealorimeteiB. It will be awwimed 


tiiat a Parr oa^gm bomb 
calorimeter is available for 
the present eqieriment, but 
the graieral procedure out- 
lined here may be carried 
through with other standard 
types of bomb calorimeten. 

Figure 43 iDusttates the 
s^paistuB. HiebombBis 
made of the alloy fllinm, to 
resist the solvent actum of 
the aeiib generated during 
combimtion, and to with- 
stand oonmderable gaseous 
ptesBure. The bomb fits at 
O into aa octagon shaped 
bidder, and the lid L can be 
screwed down (a rubber 
gasket fits betwem the lid 
and bomb) with a spanner 
wrench. The lid is provid- 
ed with an inlet and outlet 
valve y, kept dosed auto- 
matically when tihe bomb is 



Fm. 48 


loaded with gas. To V are attached the prco s u re gage sod- 

nectums leading to the m^^gen tank. The two metal siqiparts SB 

hold the nidcd eapsuk C whush contains the 

stanc^ and abo hold the pisee of fias iron wira iriiteb to bMHed 

US 
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electrically to ignite the charge. Only a short length of the wire 
is i^uired, but its weight should be obtained so that its heat of 
oxidation may be subtracted from that generated by the mflin 
reaction. The necessarv’ information regarding the heat of com- 
bustion of iron is generally supplied with the spool or card on 
which the wire is furnished, or it may be obtained by consulting 
tables of chemical constants. It is best to weigh a meter length of 
wire and then calculate the weight of the actual length used. This 
is not only more accurate, but it makes one weighing sufficient for 
aU the determinations which the student is required to perform. 
The wire may be heated with a battery of about 12 volts, or if 
desired with the 110-volt electric Light current. After the com- 
bustion, when the bomb is opened, any unbumed portions of the 
wire should be collected and weighed and allowed for in making 
the correction. 

In the capisule is placed a known weight (0.5-1.5) grams of the 
combustible substance, in the form of a compressed peUet or tablet 
with a p)ortion of the iron wire imbedded in it; the wire may be 
imbedded by heating it momentarily in a flame and touching it to 
the pellet ; this must be done, of course, before the pellet is weighed. 
The quantity of substance is chosen so that the temperature rise 
in the calorimeter will be about 2°. At least three times the 
quantity of oxj'gen gas needed for complete combustion is intro- 
duced into the bomb, and this generally means 20-25 atmospheres 
as measured on the pressure gage. The correction for the heat of 
oxidation of the nitrogen of the residual air in the bomb may be 
neglected in this experiment. After the bomb is filled with 
oxj'gen, it is disconnected from the gas line, and immersed in the 
calorimeter vessel T (Fig. 43), containing about 2000 cc. or more 
of water, enough to cover the bomb up to the point O. The weight 
of this water to within one gram should have been previously de- 
termined. The water is stirred, preferably automatically, during 
the determination (the stirring mechanism is not shown in Fig. 43), 
and the rise in temperature is observ^ed with a Beckmann thermom- 
eter, supported vith its bulb in the water. The outer jacket J is 
filled with water, which has been allowed to come to room tempera- 
ture. A thermometer with 0.1° graduations is hung in the air 
space A, and the temperature of the water in T is adjusted to be 
about 1° lower than that of A, so that the temperature after the 





TOE BOMB CALOBIMETEB 

oombuslion will be as much above the temperature of the air space 
A (about 1°) as the initial temperature is bdow it, to eompensate 

as far as po^le for any error due to radiation. 

When the bomb has been filled, sealed and placed in the water, 
the stirrer started and the thennometeis placed in position, take 
temperature readings every minute for about 10 minutes, or untQ 
practically constant tempmature adjustment has been readied. 
Then fire the charge, and again note the temperature on the 
Beckmann thermometer every half-minute while the temperature 
is rising, then e v er y minute for about 10 minutes. Plot 
temperature against time , and estrapolate the line AB, in Pig. 44, 
until it intersects the extension of line CD. Line AB r^ireseiitB 
the rate of temperature decrease, whmi this rate has become 



iHme. 

Fig. 44 


practically constant, and the inters^stion of AB with CD ^ves 
the highest temperature which would have been attained as a 
result of the combustion, if tibiere had been no losses due to thermal 
radiation. Such a graphical mettiod of ooirection is frequentiy 
employed in calorinietric determinations. 

Finally remove the bomb from the water, dry it and release the 
gas by pressiiig down the valve V. The lid may then be unscrewed 
with the spanner wrench. 

The heat of combustion at constant volume, may be cal- 
culated fiom the equation 

' ft = ^ OF + — f*®) calories 
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in grams oxidized in the bomb, W the weight of the water in 
the calorimeter, vo the water equivalent of the calorimeter, and 
(<i® — it') the rise in temperature. When the temperature rises, 
the metal bomb and other parts of the calorimeter absorb some 
heat. By “ water equivalent ” is meant that quantity of water 
which will absorb just that amount of heat absorbed by the calo- 
rimeter parts, exclusive of the water in T. Instead of estimating 
the water equivalent from the mass and specific heat of the 
various calorimeter parts, or by generating a known amount of 
heat in the bomb with an electric current, and determining to from 
the observed temperature rise, as in Exp. 20, it is more convenient 
to oxidize a known weight of substance the heat of combustion of 
which is already accurately known. 

Taking benzoic acid, about 0.5 gram, as the standard substance 
(heat of combustion, Q, = 771,550 ± 150 calories) determine the 
water equivalent of the bomb calorimeter. Then determine the 
heat of combustion of camphor or naphthalene, repeating each de- 
termination as a check. Determinations in the bomb calorimeter 
give, of course, the heat of combustion at constant volume, 
From your results calculate the heats of combustion at constant 

tJl. 



Taylor, Chap. II. 

Rodebush, Chap. V. 

Getman and Daniels, Chap. XI. 

Millard, Chap. VTI. 

Findlay, Chap. XL 
F^icken, Jette and LaMer. 

and Davis, A.in. Chen. Soe.f 42 , 1599 (1920). 


experiment 22 

EQUniBSIUM; DEGREE OF DISSOCIATION OF NjO* 

In this experiment the degree of dissociaium of N *04 will be de- 
termined 

N,04 4^ 2 NO* 

at a series of tenperatures, and the eguUibriutn conaianie, and the 
heat and free energy of dissociation calculated. An ea^ and very 
successfully applicable technique for getting the degree of disso- 
ciation is the measurement of the gas density with the D umas bulb. 
(See £bq>. 1.) 

Take a Dumas bulb (about 100 cc.), which is dean and dry 
on the inside, and prodded with a capQlaiy tube and stop-cock, 
as shown in Fig. 45. The stop-cock should be lubricated with a 
Tnitiimiitn amount of vaseline. Connect to an oil 
pump, or other pump capable of producing a vacu- 
um as good as 1 or 2 mm. pressure, and evacuate. 

Wipe the bulb carefully with a piece of dean dry 
absorbent doth, and wei^ the evacuated bulb, to 
0.1 mg. Then fill with dry lur at atmospheric pte»- 
sure, by opening the stop-cock and sucking in air 
throng a Cad* drying tube. Weighagain. From 
the difference in weights in the two cases, and from 
the calculated density of dry air at the observed 
room temperature and atmoq>hetio pressure, the 
volume of the bulb can be obtained with consid- 
erable accuracy. (1 liter dry air at N.T.F. weighs 1.203 g.) No 
correction for buoyanqy of air need be made. Why? 

Obtain from the instructor a small sealed test tube 
about 5 cc. pure liquid Ns 04 ; or prepare some N 1 O 4 by thermally 
, decomposing some Pb(NQi)* and condensing the vapors in a test 
tube immersed in an icediath; or prepare it by allowing 100 g. 
HNQi to react with 50 g. An^ in a 250 cc. flaslr, provided with a 
thistle tube for adding the HNO^ The speed of the reaction may 
be n^julated by heating or coolipg tiie flwnlr The puMa are 

U» 
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first through an empty glass bottle, to condense as much water as 
possible, and then into a large U-tube packed with beads or broken 
glass and immersed in a cold 3:1 ice: salt mixture. Here the 
N 2 O 4 condenses. Afterwards the cold N 2 O 4 should be purified by 
bubbling a slow stream of oxygen gas (from a tank) through it to 
remove NO and N 2 O 3 , until a pale amber color is obtained. Then 
the N 2 O 4 should be slowly distilled through a drying tube contain- 
ing lumps of freshly heated calcium nitrate (since N 2 O 4 and NOj 

react with most of the common drying agents), and finally con- 
densed in a cold U-tube. 

Cool 5 cc. of the N 2 O 4 liquid in a small test tube in an ice-bath, 
and having again evacuated the Dumas bulb and closed the 
stop-cock, thrust the end of the capillary into the N 2 O 4 , carefiilly 
open the stop-cock and thus slowly force about 4 cc. of the liquid 
N 2 O 4 up into the bulb without allowing any air to enter, except 
the air already in the capillary. This amount of air is negligibly 
small. 


Now, i mm erse the bulb completely (to the jimction with the 
capillary) in a large beaker of water, hand regulated to 40° C., 
with the capillary held vertically above the water with a clamp. 
Let the bulb come to the temperature of the bath for about 5 
minutes, open the stop>-cock and after the hquid has completely 
disappeared off the bottom of the bulb and the brown gas no 
longer escapes from the upper open tip of the capillary, allow the 
bulb to remain for 1 minute longer. Then close the stojj-cock, 
remove the bulb from the bath, drj' carefully with the same piece 
of cloth used previously, and weigh again to 0.1 mg. Again 
imm erse in a hot water-bath, but this time at 50°, Repeat the 
previous procedure. Repeat at 60°, 70°, 80° and 90°, using the 
original Dumas bulb throughout. In every case hold the tempera- 
ture constant to 0.1°, if pxjssible, and note the temperature on a 
rehable thermometer. The barometric reading (see Exercise II) 
should be taken also, of course, for every case. 

Now all the data, needed for calculation of the degree of disso- 
ciation in the equilibrium mixtures of N 2 O 4 and NO 2 , are avail- 
able. First, calculate the density, d^, in g./cc., of every mixture 
at the various temperatures. Then, assuming that these mixture 
follow ideal gas behavior, two procedures are possible in calculating 
a, the degree of dissociation: Taking the molecular weight of N 2 O 4 
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as 02 . 02 , either the density di of the undissociated N }04 may be 
calculated for the various temperatures and barometer readings; 
or the density dz of the various equilibrium mixtures may be 
calculated to N.T.P. In either case, the degree of dissociation 
can then be calculated from the equation. 


a = 


di(n - 1 ) 


where n is the number of molecules formed by the dissociation of 
one parent molecule, namely 2 in the present case of N 2 O 4 . Mfdce 
up a table, listing temperatures, 40®, 50®, 60®, etc., in the first 
colunmi, and the respective d^tees of dissociation, a, in the second 
column. In the third colunm list the respective values of K, the 
equilibrium constant, for every temperature, calculated from the 
equation (see Bodebush, pp. 83-85). 


K = 


4 a*- P 


a 


, the pressure, is expressed in atmos^fheres. 

take the following equation, which gives the variation 
h temperature. 


dlnK 

dt 


Ag 

RT* 


where AH is the heat of dissociation per mol, and integrate it, (1) 
first, without limits, and ( 2 ) second, between limits. Taking ( 1 ), 

plot log K at 40®, 50®, 60®, etc,, against ^ and determine the value 

of AH graphically, from the slope. Taking (2), substitute values 

of K (ftom the third colunm of your table) 10® apart, and 

values of AH . Enter these values in a fourth column. How does 

the average of these AH values compare with AH determined 
graphically? 

Fir^y, calculate the value of the equilibrium constant JK’* 

at 25® C., and assuming that the perfect gas laws hold, calculate 

^ ^darf 6ee energy AP® of the reaction N, 04 ?=t 2 NO. at 
25 , Horn the equation, 

AP® = - fir 61 Z*®. 
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Surprisingly satisfactory values for a, K., AH and AF can be 
)tained by carefully following the experimental technique giver 
)ove, if a good pure sample of Nj04 is employed. 

Let the student attempt to derive the equation - 


dt 


RT^ 


Boltzmann 


(See Exercise III and Exp 


Taylor, Chap. IX. 

Rodebush, Chap. V. 

Getman and Daniels, Chap. XEt 
Millard, Chap. tTII. 

Findlay, Chap. XI. 

Eucken, Jette and LaMer. 



EXPERIMENT 23 

BISMUTH-CADMIDM COMPOSITION MELTING- 

POINT DIAGRAM; THERMOCOUPLE; PHASE RULE 

Plx PldRTingOT»A¥. 

Make four alloys of bismuth and cadmium containing 20, 40, 
60 and 80 per cent of bismuth, the total weight of each sample 
being 100 g., by melting the proper amounts in a hard glass or 
pyrex test tube surrounded by sand in a large iron crucible (about 
300 cc.)« Using a thermocouple (see below) with a millivoltmeter, 
read the dectromotive force every half minute as these molten 
alloyB are allowed to cool sUnbfy. Do the same with 100 g. samples 
of the pure metala Use precautions against draughts of air dur- 
ing the cooling. To prevent oxidation keep a 5 to 10 mm. layer 
of ceresine wax over the metaL 

Plot the electromotive force against the time of cooling for 
sample and determine the electromotive force at the points where 
tiie dope of each curve undergoes a sudden change. An aid in 
doing this is to take two straight edges (e.g., two sheets of paper) 
lay one on each side of the point so that they coincide for a short 
distance with the plotted paints and take their intersection as the 
point sought. At the other side of the graph, after having calt- 
brated the thermocouple as described below, indicate the tem- 
perature of each such break in the curves. The curves for tiie 
pure metal s and for the alloy containing 40 per cent nAilmiimi will 
have onfy one break. 

Now plot the temperature of the breaks so determined jigainafe 
the percentage composition of the alloys and draw smooth curves 
Uuougb Uie ^ints. Draw also a stral^t horisontal line ttuougb 
^ point of intersectian of the two curves and a nimiiar vertical 
line ^wnward from the inteiseetion. The carves and liaas divide 

the gr^ih paper into five seotums, as indicated in Fig. 44. 

TBEBirocomnuB 

Oto a oenimy ago, Seebeck discovered that a small etecfrio 
•^Went flows t^uifr a oircait made of two different metals when 
the twe jnuetioiis aze at dNEereat tempecaturea. No diffarwnna 
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in the electromotive force exhibited is made by the introduction 
of a third metal, at any point in the circuit, provided that the two 
junctions of the new metal are at the same temperature. 

Alake a thermocouple by taking two lengths, about a meter 
long, of chromel wire and one of alumel (about No. 22 B. & S. gage) 
and joining one end of one chromel wire to one end of the alumel 
wire and one end of the other chromel wire to the other end of 
the alumel wire. The joining is most conveniently done by wind- 
hig together the ends for a distance of 5 mm. and then fusing the 
extreme ends in a small oxygen-gas flame. 

Slip a 15-20 cm. length of capillary glass tubing over each 
chromel wire to the junctions, for insulation, and attach the free 
ends of the chromel wire to a millivolt meter having a scale reading 
from zero to ten milhvolts. One junction is kept at a constant 
temperature by being immersed m crushed ice and the other 
junction is placed in a small glass vaccine tube, or a tube made 
from thin glass tubing about 10 or 15 cm. long, which is inserted 
into the molten bismuth-cadmium alloy. Each sample of metal 
should be pro^dded with such a tube, which may be left imbedded 
m the solidified alloy; this obviates the necessity of reheating the 
metal to remove the tube and of dissolving off any adhering par- 
ticles of alloy. It may be found necessary to use a clamp in order 
to keep the tube inserted to a sufficient depth in the molten alloy. 

After ha\’ing plotted the cooling curves for the two pure metals 
and for the alloy's the thermocouple is to be calibrated by plotting 
millivolts against the known melting points of the two metals and 
their eutectic. These temperatures are, b i smuth, 271° C.; cad- 
mium, 321° C.; eutectic, 149° C. By drawing a smooth curve 
through these three points one is able to read off the temperature 
corresponding to any observed electromotive force. 

When such a base-metal thermocouple is being employed ex- 
tensively for the measurement of temperatures, frequent calibra- 
tions should be made, because the electromotive force of the 
thermocouple xmdergoes permanent changes, especially at high 
temperatures. For more accurate work a platinum-platinum 
rhodium thermocouple should be used, and the electromotive force 
be measured with a potentiometer instead of a miUivoltmeter; 
thus temperature determination may become accurate to 0.1° C. 
over a large temperature range. 
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DETERMINATION OF TRANSITION POINT 

The teDaperatiue at which two different hydrates of a salt are 
in equilibrium, or at which any two pol 3 nnorpliic forms are in 
equilibrium (the transition point), may be determined veiy simply 
by the thennometric method, if the transformation of one form 
to the other takes place fairly rapidly. Numerous examples of 
transition points are known. For instance, there is the changp of 
rhombic into monoclinic sulfur (at 95.6°) ; or the change of non* 
rotating CB 14 molecules to rotating molecules, in the crystal lattice 
at about — 253° C.; or the change of o-iron, body-centered cubic 
lattice, into T^iron, face-centered cubic, etc. In the present ex- 
periment the transition point of the transformation 

NaiSO« • lOHjO NaiSO* + lOHjO 


win be determined. 


> 



.c 


Place about 30 g. foeshly crystallised Na ^04 ■ lOH^ in a thin 
glass test tube, which is held by a cork inside a larger test tube With 
an air jacket in between, or better place the salt in an unsifted 
Dewar test tube, and push the bulb of a thermometer graduated in 
0.1° down into the salt. Support this tube in a large WW of 

water which is very gradual^ heated with a stnall gas fl^SaeTstir 

the water constantly and let the temperature rise (tvabout 34°) 
until the salt melts. Now remove the Artwa fiom t^water-bath, 
and as the bath slowly cools, constantly about 5°Ji^w the tem^ 
perature of the transition substance, stir the nupbtsa salt with a 

small ^ass rod curved at the lower end into a W^^hich may be 

marte to slide up and down over the therninmid fe- bulb. The hidb 
diojd be completely covered by the mel^ Take temperature 
readings ev^ minute and plot the temperajl^ (ordinate) 

^e (diecisBa). At about the transitioB^int a crystal of the 
J-^yrtete may be introduced to &cili&te the formation the 

iQrdiated salt. The flat pwSion rf tlm^towe (the transition isdiifc) 


I 
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corresponds to a condition in which ilie rate of generation of heat 
by the hydration of the anhydrous salt is just balanced by the rate 
of thermal leakage by radiation, conduction, etc. 

After the melt has solidified, again warm the water-bath gradu- 
ally, again about 5 ° in advance of the transition substance, and 
while constantly stirrin g the salt, and plotting the observed 
temperature against time, determine the transition point with 
rising temperature. When the melt is first cooled it solidifies 
in a fine crystalline mass, which is much more readily stirred than 
the crystals initially introduced into the tube. For this 

reason it is best to determine the transition point with falling 
temperature first. 

Repeat both determinations, and take the mean of the averages 
of the initial points of inflection on the two ris i ng temperature 

itions on the two falling tempera^ 

The temperature of this 




curves, and of the horizontal 
ture curves as the transition point. 


transition is so easily reproducible (32.383®) that it is often em- 
ployed as one of the fixed temperature points in the standardi- 
zation of mercury thermometers, as well as other thermometne 


instruments. 

The success of this experiment depends on controlling the rate 
of heat input and outflow so that the transition substance is kept 

at the transition temperature for a long time. 


Taylor, Chap- X. 

Rodebush, Chap. VI. 

Getman and Daniels, CSiap. Xl i l . 
Millard, Chap. IX. 

Findlay, CSiapw XIX. 
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DISTRIBUTION COEFFICIENT 


n a solvent with a solute in solution is brought into contact with 
a second solventi which is immiscible with the first solvent, or only 
paEtially miscible, but in which the solute will also dissolve, a 
distribution of the solute between both solvents will occur. More- 
over, the ratio of the concentrations of the solute in the two 
solvents will be a constant, regardless of the actual conoentratioi^ 
This relationship may be espiessed symbolically by the equation 


Cl 

c% 


= K 


(1) 


9 

where K is known as the distribution coefficient. It varies with 
the nature of the solute and the nature of the solvents, alnra 
with temperature. The oonoentrations ci and ct are in the 
proportion as the ^olnbflitieB the solute in the two solvents 
taken separately. Equation 1 is Nemst’s partition law; it is es> 
sentially a form of Henry’s law. Equation 1 is true only if the 
solute has the same molecular wei^t in both solvents. H the 
sohite has its normal molecular weight, M, in one solvent but is 
polymerised, ^y to Mt, in the other solvent, than 


cjr 



= j:. 






let the student derive Equation 2 from Equation 1 and &mn a 
consideration of the law of wtstHa action. 

A oonvmuent qystem often employed Sat demnniita^ *;» n; tha 

v^dity of Equation 1* is that involving the dMribution of sue- 

dmc add, C500H(CHi)*000H, between water and ethet, and 

determining the eqailShrinm oonoentratimiB analyrically by tifain - 

tion with Ba(OH), Bolutian. In the present es^ent, however. 

^ sh^ study the distribution of ioffine between water and 
cl^mfoim (or carbon tetradUaiade). Hi ordbr to the 

Bombi^ aS iodine la Ihe tmtfir idiaeB, we shall eome 

petewuiu ioffide (KQ to the vmter. White it is true thik fibe 1. 


•y- 
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Di 


mc^ecules react 'with iodide ions (I~) to foim yet the TnrJwfn iifty 

weight of the iodine its^ may be 
thus 




red not to have changed, 
that is, the JKJL solution may be oonadered as 
the solvent, rather than the water a lone 


uone. As long as the strength 
of the MJL solution is not altered during the course of tha experi- 
ment, it may be thou^t of as being a pure, single-Bubstanoe 
advent, and Elquation 1 ^ould be vsdid. It is the purpose of thn 
present experiment not only to determine the value of thn dis- 
tribution coefiSiGient, K, for Is in the system tdiloroform-EI solur 
thm, but also to study the relative efficiency of extraction of iodir^ 
with a ^ven volume of chloroform, (1) naing all tho chloroform 
in one portion, and (2) in several portions. 

If W oc. of a solution containing xo g. of aohrte be extracted with 
tiXf oc. of a given solvent, the readue unextracted may be repre- 
sented by Xi. Hie concentration in the GEtiacted solution is then 

S3n 

and in the extzacting phase - 


IF' 

tsent K is th e refore 


nXf 


The distribution coeffi- 


K 


Xi 

W 


Xq — Xx 


0) 



inm sHb&di it fcffiows that 


nXr 



Jb — aPt 
Xi 



nJ* + JTIF (*■ — xi) + *i 



Xi 


Xl 


and hence 


Xl 



fiXi JsnF 






Thii sqnatian g i ve s xi, the amount unsstraoted, in terms of 

thw Mwrmtnt _ 

Now let ns suppose that instead of using the totsl qpianti^ 

we divide the solvenb into n purfeioni 

n 


ftJLoa. In a 

and UBS Xroe. 

tkm the amoiint 







unestzBcted would be 





Xr-l-JPr 



4 






DlSTBlBimON CX)EIET1C1E39T 



If now s second portion of L cc. were used, the amount uneztractod 

would be 


KW _ EW EW 
^ L + KW^' ~ L + EW’ L KW^ 



Genenluing, after n eztractians with L CO. the reeidue uneztiBCted 
would be 



(See Knox, Phyaieo-Chemieal CaleulaUont, Oliap. 8, Van Nostrand.) 



With a calibrated pipette take 10 cc. of a 4 per cent aqueous 
solution of potassium iodide which has been saturated with iodine 
and with chlorofonn (sinoe chloroform is slightly s olu ble in water), 
and titrate it with standard thiosulfate solution approximately 
0.02 N (with starch paste as indicator). Repeat tiie titration as 
a check. Now shake 50 oe. of tire iodhie solntion in a sqiaratory 

funnel with 50 cc. of chloroform, separate the two layers and tittste 

10 cc. of tilie aqueous layer, again repeating as a wlwwlr. Ueing 
ESquation 1 calculate the distribution ooefficient. 

Shake 50 oc. of the iodine sdotion with 25 oc. of chlorafotm in 
the separatory funnel, and again calculate K. Since in this case 
the final equilibtiom oonoentiration of iodine in the aqueous 
must necessarily be greater than before, the constani^ of IT is 
tested at a different conoentration. Repeat, mring 50 cc. of the 
iodine solution and 12.5 <!& of chloroform. 7afce the average of 
the three calculations as the value for the distribution 
and in obtaining the average give a wea^t of 4 to the result with 

50 oc., of 2 to the residt with 25 cc., and of 1 to the 12.5 00 . result. 

Dilute 10 cc. of tite iodme sofution to 50 cc. with water 

(which has been saturated with chloroform), «itir go ^ 

^oroform in the separatory fiuinel, and again deteimme Jl. 

ft tiie same vahie as before? 

Poor 50 oc. w tho iodine cohitioxi fa rto the eqianitoiy 
and shafce it with five sneoeaaive portioDB of ohlcmifonii of 10 
eai^. Draw off me dbloiofona after eaoh rfuAitig Myf tlbtate 

CllteiQfoim Wit^ (fn fa 
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shake \igorously after each addition of thiosulfate.) What is 
the amount of iodine finally left imextracted? Check, by titrating 
the final aqueous solution. How much more efficient is the 
portion-wise extraction than the extraction using the whole 50 cc. 
volume of chloroform at one time? 

Using Equation 5, calculate for the portion-wise extraction, 
and compare the predicted result with the experimental result. 

An interesting Boltzmann factor treatment can be given to the 
distribution of iodine between the two liquid phases. First 
calculate for a given KI concentration, the actual or relative num- 
bers of I2 molecules in 1 cc. of each solvent, figured as I2 • I' mole- 
cules in the KI solution and as I2 molecules in the CHCI3. Then, 





K (distribution coefficient) 


where W is the work required to remove a mol of I 2 from the CHCJls 
into the KI solution. Calculate W for the distributions between 
CHCU and both of the two KI solutions of different concentrations. 
(See Exercise III.) 


Taylor, Chap. X. 

Rodebush, Chap. VTI. 

Getman and Daniels, Chap. XIH. 
Millard, Chap. V. 

Findlay, Chap. XVIH. 
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an ion REACTION: VELOCITT; ORDER OF REACTION; 

TEMPERATURE COEFFICIENT; CATALYSIS; 

AND BRONSTED theory 

It is paiftwJly true that oigaiuc molecules at oonvenient teat- 
peratuies undex^ chemical reaction slowly enough to give easily 
measurable rates of reaction. But the reactions between ions, for 
example, Ag*- + Cl~ — » Agd, are usually extremely rapid, so 
rapid inidBed that it becomes difficult to measure the rate ex- 
perimentally. Occasionally, however, we encounter ion reactions 
which are ^w. These slower ion reactions generally involve an 
internal rearrangement of atoms within the ion during tiie course 
of the reaction and not mmdy the pairing off of oppositely charged 
ions as in the formation of AgCL Such an ion reaction has been 
diDsen for study in the present experiment, namely a reaction of 
potasmum iodide and potasDsinm persulfate in aqueous solutimi to 
form free iodine Qnvesti^ted by T. S. Price, Z. phys. Chan., S7, 
474 (1898)): 


(2K+ + 21-)+ (2K+ + SrfH 


(4K+ + 2SO, 


1316 reaction involves the titansfer of 2 eleetron from 21' to the 
persulfate ion, Si(V*, accompanied by the siditting of this ion iwtA 

two sulfate ions, Sdi^ and the union of 21 atoms to form It. 'Hria 

reaction lends itself very eatisfactori^y to the fflustration cf a 
number of the important faetdrs vriiiBh in gmewtl operate to con- 
trol the velocity of chemical rwmtioiM, 'VTe aball now ipve di- 
lectiois for this e^KStiment, and at suitable a 

littie theoretical backgioand. 



llie course of the reBothm is foEowed by titmthra of tihs Eb- 
erated iodine vrith 0.01 N sptfinm tiiiomlferiift (NajyCh^ 

with stardi paste as indicatco'. An mdinaiy SO c& bm^te 
be nee^ ter the thiowilfate solntion and abo a 1 so. 
graduated in 0.111 oe., and ra^gged up to s erve os a bmette W ah* 

xm 
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tachment of a glass exit tip by means of a short length of rubber 
tubing which can be squeezed with a thumb clamp (in Heu of a 
glass stop-cock). Now obtain from the instructor, or prepare, 
1000 cc. of 0.1 A" KI solution, and 1000 cc. 0.1 A K^SzOg solution^ 
made from freshly recrystallized potassium persulfate. The re- 
crystallization is necessary because the KzSzOg taken from the 
stock bottle generally has decomposed a Httle to give S 04 =. Both 
of these solutions must be made up freshly at the time of the ex- 
periment from crystals of KI and KzSzOg, since the solutions de- 
compose appreciably on standing for even 24 houra. 

(A) Velocity Constant and Order op Reaction 

(1) Pipette 100 cc. of the 0.1 A KI solution into a beaker and 
100 cc. of the 0.1 A KzSzOg solution into another beaker or Erlen- 
meyer flask large enough to hold 200 cc. Then pour the KI so- 
lution into the KzSzOg solution, so that the total volume of the 
mixture is 200 cc., and the normality of each salt becomes 0.05. 
Stir thoroughly with a glass rod and allow the reaction to proceed 
at room temperature. Note the temperature. Also note the 
time of mixing, on a stop watch or on a watch with a second hand. 
The color soon becomes yellow and then brownish, due to the 
liberation of iodine. At 5 minute intervals pipette out 25 cc. of 
the reaction mixture and titrate as rapidly as possible with 0.01 A 
sodium thiosulfate solution in the 50 cc. burette (using starch near 
the end point). Continue the titrations for 30-40 minutes. Rim 
this experiment in dupHcate. The second reaction mixture may 
be made up 2 or 3 minutes after the first one, and the titrations 
staggered. 

(2) Repeat at room temperature, but take the propier volumes of 
0.1 A KI and 0.1 A KzSzOg solutions to give 0.02 A solution of 
each when they are mixed with distilled water and brought to a 
total volume of 200 cc. Again run in duphcate, and in this case 
titrate 25 cc. samples taken at about 10 minute mtervals for about 

an hour. Use the 1 cc. burette. 

(3) Repeat at room temperature, but take the proper volumes 

of 0.1 A KI and 0.1 A KzSzOs solutions to give 0.01 A solution of 
each when the reaction mixture is made up to a total of 200 cc. 
volume. Again the reaction mixture may be sampled and ti- 
trated at about 10 minute intervals for 60-80 minutes. 


AN ION REACTION 




Tfi f^ffi rmining the Older of this leaction the student should 
consult the discussiou on functional relationships in Exercise III* 
The student is asked to demonstrate that this is a bimolecular 
reaction by three different methods of treating the data. One 
might suppose, from the chemical equation, that this reaction 
would be trimolecular. But in general one cannot guess the order 
of a reaction from the stodiiometric relationahips of the balanced 
diemical equation. 

(a) First, let us start with the hypothesis that the reaction 
is bimolecular (second order, as indeed it is, at least approxi- 
mately). The general differential equation for a bimolecular re* 
action is 

^ = ( 1 ) 


where x ia the change in ooneentration in gram-equivalente at any 
time t, and a and h are the initial concentrations of the two dif> 
ferent molecular apedes reacting with one another, A and B, and 
X; is the velodiy constant. If the initial conoentrationa a and h of 
these two substanoes are the same (in gram-equivalents), then 
Equation 1 reduces to the form 




1 1 
(a — x) a 




The test of the validity of Equation 4 lor any reactum, 

cd bdng bimoleculBr, is the of h. Sinoe, in the present 

eacneriment, the conoentrai&inB of 1" and SsOh” have been pun* 



182 


ELEMENTARY PHYSICAL CHEMISTRY 


posely made the same, it is easy to calculate x, the concentration of 
either I or S 2 OS"" which has reacted (suppose we take I~), and 
(a — x) the concentration in the system at any time t, from the ob- 
served amoimts of I 2 Hberated. Make up three tables, one for 0.05 iV, 
one for 0.02 N and one for 0.01 N solutions. In the first column of 


different 


third 


values for (a — x), and in the fourth calculated 
values for k (from Equation 4). These values of k should be fairly 
consistent within each table, and approximately the same for the 
three different tables, although not exactly the same, as will be 
explained later in Section D. Thus, while the actual velocity of 
the reaction is less in (3) above, with the 0.01 AT solutions, than 
in (2) with the 0.02 N solutions, and less in (2) than in (1) with the 
0.05 N solutions, illustrating the law of mass action, the values of 
k are substantially the same in all three cases. 

(b) The order of the reaction may be established in another way. 
If the half-life time, /j, at the end of which the reaction is one- 
half comoleted, is calculated from Equation 4. above, we eet 




1 


a/2 


1 1 


k a{a — a/2) k a 


In other words the half-life of a bunolecular reaction is inversely 
proportional to the initial concentration of one of the two sub- 
stances present in equivalent proportions. Therefore the half- 
life should be twice as long in (3) than in (2) and five times as long 
in (2) than in (1). Calculate the half-hfe for these foregoing three 
concentrations, or determine it by interpolation from the ob- 
served data, and employ this criterion to test whether or not the 
reaction is second order. 

(c) In general the order of a chemical reaction may be deter- 
mined by plotting a properly chosen function of the concentration 

X 

against time. For e.xample, for a bimolecular reaction, 

from Equation 4, plotted against the time, t, will give a straight 

1 


line of p>ositive slope k. Or, a plot of 


(a - x) 


against t from 


Equation 


1 


(a — x) 
an intei 


kt 



will give a straight line of positive 
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(B) VBLOcrrr ab a Fdnction of TxaiPBBATimB 


fihianinii.1 reactions generally go mote rapidly as the temperap 
ture is increased. The conventional method of espressing a tem- 
perature coefficient is to designate it as the ratio of the velomty 
constant at one temperature to the constant at a temperatare 
10® C. lower. 

In the present study of chemical reaction velocity as a functum 
of tempearature we Hhall use the mote concentrated 0.05 N eola- 
tions, in order to obtam results without taldng too long a time. 
The velocity of this reaction has been studied at room temperature 
already, in the forcing pages. 

Place 100 cc. O.I N ISJ solution and 100 cc. 0.1 N solo- 

tion, respectively, in two Eirlenmeyer flasks, and immerse these 
flasks in some findly crushed ice. When the temperature of both 
solutions has attained 0®, as shown on a thermometer, miT them 
together in one of the flasks, and allow the reaction to proceed in 
the ice-bath. I^thdraw 25 cc. at regular time intervals as before 
and titrate with 0.01 N sodium thiosulfate tiolntionj using Ihe 
50 cc. burette. Run in duplicate. 

Repeat at a temperature ai about 40®-45®. If an wifamiatL. 


cally controlled water titiermostat operating at this tem p u r a- 
ture is not available, a large beaker ot a large cooking pot 
with water and maintained as nearly as possible at ooEOstant 
temperature by hand rE^ulation, will be satisfactory. 

Gslculate the velocity constant k, as befcne,. at both tem- 


peratures. The constants at 0®, at room temperature, «.nH at 

about 40® are now known. Gahmlate the average temperature 
coefficient. 


The relationship between tiie velocity constant and tempemtuie 
is an interesting one. The most useful poteemit idea regaidhig 
this relationship was proposed fay Arrbenias, and may be pre- 
sented in the following way, A natural question which oocun in 
connection with sbw reactians, mther between mnlam iTcft or 
is that of why the reactions, if they can occur at all, do not take 
place mstantly, as in the case of rapid ion reactions. Arri h a w fu B 
suggested the idea t^t the reacting partidee, in addition to the 
leqmzement of having to come bato actual contact with ana 
another by cdlidgo, must also be endowed with 
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actenstic minimum energj' content sufficiently large to 
up the internal structure of the particle, and permit it to undergo 
the internal atomic rearrangements which result in the accom- 
plishment of the chemical act. For example, two colliding particles 
would have to collide with a sufficiently shattering force to disrupt 
either one or both; otherwise they would simplj’ bounce off, and 
no chemical reaction would occur. In other words, not all coll in. 
ions lead to chemical reaction ; in fact the percentage of effective 
collisions is usually extraordinarily small, because the miniTT'tiTp 
“ energy of activation ” (as it is called) is usually fairly large. 
The distribution of energy in a swarm of particles follows the 
MaxweU-Boltzmann law. Only a relatively few molecxiles at 
a given instant are richly endowed with kinetic energy. The 
fraction of the total number of molecules which possess energy 
equal to or greater than any value E, the characteristic energj- of 
activation, is given by the Boltzmann factor, or where 

€ and E are the energy of the activation per molecule and per mcJ, 
T is the absolute temperature, and and R are the Boltzmann 
molecular constant and the molar gas constant, respectively. 
(See the discussion of the Boltzmann factor in Exercise HI.) 

According to Arrhenius’ hypothesis the velocity constant, 
fc, of a chemical reaction would be proportional hUh to the number 
of collisions between reactant particles and to the fraction of the 
total number of particles possessing energy of activation: or in 


symbols 


Ir C/OnSt. no 


Since the number of collisions does not vary greatly with changing 
temperatxire, we may write 

fc = C ■ 


Taking logarithms of both sides we get 

= ( 5 ) 

If we then differentiate to get the rate of variation of fc with T, 
we have 

dlnfc E 
dt RT^' 

This is the famous Arrhenius equation, although Arrhenius derived 
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it in a somewhat different manner. Upon migration between 
limits, on the assumption that E is independent of temperature. 


kt B\Ti TJ 



Now calculate E the energy of activation (per mol) for the ion 
reaction which we ace studying, by two different methods. First, 
use Equation 6, with the velocity constants actually found at 
the three different tempmatures. Second, convert the natural 
logarithms of Equation 5 to Bci^sian logarithms, namely. 


leg A = log C — 


E 

2.3 RT 


and by plotting 1<^ k against determine the value of the dope 
B 

graphically and &om it calculate S. Tire straight line telar 

tionship of course indicates that E is really and is 

peiufent of temperature, at least over this range. For oonvenienoe 

in plotting, the reciprocal of the db/witute temperature, ■^, may be 

multiplied by 10*, and die number 6 may be added to die lo^ 
ifthms of the three ft’s to give poaidve niimbersL 

From the value of E calculate the Boltamaun factor, ie., the &ao* 

don of die total number of molecules (or really of the total number 

of coUidons) which poeseas energy of acdvatioiL In the case of 
smne bimolecular reacdons in the pus phase it has been pnarfMa to 
calculate both the Boltamann factor and the iminhe r of 
between moleeales in unit time, and henm to mJ mi late the 

value of h on dieoredeal gcounda Some of these calculated values 

agree remarkably well with the observed vahios for Jb. But in 

the case of diemicd reactions to a Bgina rnedium, it fa mnnh TTiffre 

difficult to estimate die number of ooOudonai, aa^ as yet no en> 
oonragtog agreement has been obtatoed betw«n and 

obeetved absolute values aS k. 
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0.01 N solutioDS, as in A (3) above at room temperature vith four 
separate reaction mixtures, using one as a control, and addling 
enough CuS 04 solution of convenient strength (say 0.01 M) in 
diluting the stock 0.1 N KI and 0.1 N KStOa solutions to 200 cc. 

make one mixture with respect to CuSO«, one and 


the other 


M 






2 QQQ. Withdraw 25 cc. samples, as before, titrate, 

and calculate the velocity constants k. Plot k as ordinate a^unst 
CUSO 4 concentration as abscissa. 

It will be noticed that the veiy considerably augmented velocify 
constant is directly proportional to the concentration of the 
Cu++ catalyst. Other ions, such as Fe++, also catalyze this re- 
action. No completely satisfying explanation has yet been given 
of homogeneous catalysis of this type. As we have already indi- 
cated, molecules or slowly reacting ions must pass over certain 
“potential barriers,” or acquire certain minimum ener^es of 
activation, or be sufl5.ciently profoundly disturbed or disrupted 
internally, before they will undergo ch em ic al reaction. It may be 
possible that the copper ions, Cu++ become associated with the 
SsOg= ions in a loose chemical complex of such a sort that the 
electrostatic force field of the Cu++ strains or distorts the internal 
structure of the SsOg ion and makes it more fragde and more 
active chemically. After the chemical change occurs the Cu++ is 
set free. Or it may be that the Cu++ ion, because of its ability to 
go over into a lower valence state, Cu+, may play the r61e of 
Q«igiqt.iTig in the transfer of electrons from I to SjQg-. Both of 
these ideas have here been expressed in very general language. 
We are riot justified in attempting to commit ourselves to any 
dear-cut, definite picture of the details of the mechanism, in the 
present state of our knowledge. But it is possible that something of 
this general sort operates to speed up the vdodty of the reaction. 

(D) Bbonsted’s Theobt of Ion Reactions 

The ion reaction between I" and SjOg" which we are study^ 

in a.e present ehnpter lends itself very beautify to the 

ta.Uon of the ne. theoiy of Bibnsted^ We ^ ‘ ^ 

r 6 sum 4 of the points of this theory, and then give directions for the 

experiment. 
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s 

It was recognized many years ago that the usual law of mass 
action, stated in the form. 


dx 

de 


h • ca* Ob 



where and cb lepieaent the concentration or active mass of the 
reacting ions A and does not hold for dectrolyteSi Le., for ion 
reactions. Later the function “acti^ly'* was defined, and it 
was defined as that function which, when used in the equilibriuni 

equation K = $ would make the equilibrium equation work, 

even for ionic equilflmnm. Hien it was supposed Uiat this con- 
cept of activiiy taken out of its equilibrium setting and extended 
to the problem of vdodUes of chemical reactions, would lead to a 
statement of the law of mass action in the fonn. 


dx 

di 


= k-aA- as or 



k * Ta • • 7b • Cs 



whese a represents activity and y represents activity coefficient, 
and that iJien the fonner difficulties of the application of the maaa 
aetian principle to ion reactions would disappear. But t-hfa expec- 
tation was not justified. Many startling discrepancies were gtni 
found. In gener^ k, which ought to have been a constant tiuoi^bt- 
ont the course of a reactian, r^^idless of the ion oonoentrationBy 
was not constant. Ri view of Hiese diffiiwiTtiBB , Bifiiisted has 
suggested a new ^ype of approach to the probleni. (The wfaiHcnf. 
may consult a lecture on ttds subject in Brousted’s own words in 
the Ckthnnhia Lecture Setres “ Gontemporaiy Developments in 
CSiranistry,” Oolumbia Umvetsity Presa, 1927 .) 

When A. and B ions react to fonn product Cf fet ns sappoBB 
that A and B must pass throng an intermediate critical state (wo 
have alr^y qmfcen of energy of activation), but in the case of 
ion reactions we maey suppose that some sort of ecunple^ X, of 
unknown nature, is formed by the assodalian of A and J?, and 
that this complex then undergoes reanangemeat to give the 
product C. HA and B are hi equOibrinm with X ».lMm 

A + B^X-^C 

and tile eqnilifaiiHm constant JT 0u^ he written 

, K = — == ^ Tfx ex 

PA'Oa 7^ • ita * Ts • iiB Ya’YB'eu -c* 
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Now on the further assumption that the velocity of the final Bhami. 
cal transformation is directly proportional to the conoentratioi 
of the complex X, we have 

dx . 

— k - cx. 


dt 


But, since 

17 - - - yx-yB 

CX = K-Ca- Cb' — - — , 

yx 


then 


dx 

dt 


= h‘ ca’ Cb 


yx-ya 

yx 


( 9 ) 


This equation differs from Equation 7 (the classical expression) by 

the factor , and from Equation 8 (the activity expression) 

yx 

bv the factor — . Further, since ca and cb, the concentrataous 
^ yx 

of the ions, can be determined in any reacting system by methods 
of quantitative analysis, the next step in the development of the 
Brdnsted argument involves the necessity of evaluating the factor 

‘ This can be done with the equation 


yx 


( 10 ) 


— logY = 0.5s*\/il 

where y is the activity coefficient of the ion, z its valence and 
H is the so-called “ ion-strength.” This function m is defined as 

/* = 221/2 »***; or ii = '^\/2cz 

where m is the molal and c the equivalent concentration of the ion; 
i.e. M is the sum of 1/2 of all the molal concentrations multiplied 
by the valence squar^ for all of the ions present in the solution. 
Equation 10 holds only for extremely dilute solutions. It is 
derived from the Debye-Huckel Theory of ion solutions. (A 
development of this theory is beyond the scope of this mmurf; 
but the student may consult the references at the end of this 

°^] faing ^Equation 10 we can find the value of the logarithm of 


the factor in Equation 9: 

yx 




y/^ + 0.5 sjf 


yx 
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Now, wTinfl the valence of the complex Z is the algebraic sum 
the valencies of the ions A and B which form the complex, i. 
gjp = Sji "i* sa it follows that 

iogli^= + 


yx 


Hence 


yA-rB_ 


yx 


= 10 


ftifa Vi» 


and from Equation 9, 

dx 

dt 


= ft * Ca * Ca * 10 




( 11 ) 


This fairly simple equation gives the vdocity of a bimolecular ion 
reaction, between A and B, in extremely dilute solutions. It is to 
be remembered that the vdocity constant k in Equation 11 is the 
actually observed velocity constant, calculated as in the previous 
sections (A), (B) and (C) from Equation 1; Le. jb itself is calculated 

M I I I ■ m 

on the elafiaical basis. = k - ca’ cn. The constant k itsdf is. 


however, proportional to 


yx ' ys 
yx 


This follows from Equation 9. 


If the function 


yx • tb 
yx 


is 1 (unity). Equation 9 reduces to the classi- 


cal Equation 1. The term 


yx-ys 

yx 


lay be r^arded as a corrective 


factor for k. The larger it is, the larger k will be; the smaller 
it is, the smaller k will be. Hence 


k = Const. 


yx-ya 

yx 


Const. 10 




This relationship provides us with a convenimt method for 
testing the validity of Equation 11. For, if we take logarithms, 

log A = Ic^ Cimst. + ZxZbVH 

a plot of log k against Vi* diould give a struct line of dope * as* 
If the valence of A is +1 and of B is +1, ie., if = -f-l, and 
as = +1, then the dope za • zg would be -|-1. This Tnp-ana that 

A itadf will become greater vddi increasing ion strengtli, 

M. It does not make any 
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difference whether the increase in ion strength is due to an in- 
crease in the concentration of the reacting ions themselves, or to 
added neutral salt, or both. Such an increase in the value of k 
produced in a solution of increased ion strength is called a '' posi- 
tive salt effect/^ On the other hand if = +1 and zb = -1, 
the slope is = -1, and the salt effect is negative; i.e., k is dimin- 
ished by increasing ion strength, and the reaction goes more 
slowly. If 2^ = — 2 and zb = +1, the slope is -2. If 2^ = -2 
and Zb = —2, the slope is +4; etc. 

In our present bimolecular reaction, between 1“ and 8408=" 
— —1 and Zb = —2; therefore za * zs, the slope, would be +2. 
If a plot of log k against Vm actually gives a slope of +2, we may 
consider that there is good reason for believing that Bronsted's 
theory is substantiated in the present case, and also that the chem- 
ical process really involves the reaction of I' and 8208=. 

The student may now perform the following experiment. 
Run, in duplicate, at room temperature, a determination of the 
velocity constant with 200 cc. total volume of mixture 0.01 N 
with respect to KI and KzSjOs, as before, in A (3). But, instead 
of making the proper dilutions with distilled water, use 4 N NaCl 
solution. It will be noted that the reaction velocity is much faster 
than before, i.e., that there is a positive salt effect, as predicted. 
Furthermore, it will be noted that the values of the bimolecular 
constant A:, while larger than before, are much more constant and 
consistent. Excellent values of k are now obtained. The point, 
of course, is that the ion strength in the system is so great, in this 
strong salt solution, that any small irregularities formerly intro- 
duced into the system by the changing activity coefficients which 
result from changing interionic forces which result from changes in 
ion concentrations during the course of the reaction, are now 
drowned out. 

Repeat the determination, again with 0.01 N KI and 0.01 
N K2S2O8, but this time use both 4 N NaCl solution and distilled 
water, so that the final concentration of NaCl in the 200 cc. of 
mixture is half what it was before. 

Repeat again, and make the NaCl concentration a quarter of 
what it was in the first salt experiment. 

Now plot log k (as ordinate) against (as abscissa). There 
will be six points to plot, i.e., six different log A’s and six different 
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ion strengths, /i (and ^/ii) to be figured: (1) 0.01 N mixture with- 
out salt, (2) 0.02 N mixture without s^t, (3) 0.05 N mixture 
without salt, all results obtained in A, and (4), (5), (6), the three 
mixtures with added salt. If desired, one may also make other 
determinations in which such salts as MgCli, Na 3 S 04 , MgS 04 , 
etc. are added. In every case a positive salt effect will be found. 
In order to illustrate the calculation of the ion strength, n, we may 
consider one of the above six solutions. Let us take (4), the one 
in which the full strength 4 N NaCl is used for the dilution. The 
ion strength is figured on the basis of 100% ionization. Since the 
KI is 0.01 N (or 0.01 M), 1/2 rm* for K+ = 1/2 X 0.01 X 1* = 
0.005; for I~, 1/2 ms* = 1/2 X 0.01 X 1* = 0.005. The KStOa 
is 0.01 N (or 0.005 M). Then for S*08=, 1/2 mz* = 1/2 X .005 X 2* 
= 0.01 ; and for 2K+ 1/2 ms* = 1/2 X 0.01 X 1* = 0.005. Since 
20 cc. of each of the solutions 0.1 N £T and 0.1 N KiS20a, and 



XF* — >- 

Fia. 47 

160 cc. of 4: N NaCl are used to make up the 200 cc., the concen- 
tration of the NaCl in the final solution is X 4 = 3.2 AT. 

Hence 1/2 ms* for Na+ = 1/2 X 3.2 X 1^ = 1.6 and 1/2 ms* 
for a- = 1/2 X 3.2 X 12 = 1.6. Therefore 2l/2 ms* = 0.005 

+ .005 + .01 + .005+1.6 + 1.6 = 3.225 = /*. Then = 1.796. 

A plot of log k against should pve a result something 
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lilro that ^own in Fig. 47. The relationship would no doubt hold 
very satisfactorily in extremely dilute solutions, and give an 
actual slope of +2. But difficulties intervene in following the 
course of the reaction with available anal 3 dical methods at such 
excessively small concentrations. Several encouraging results of 
this general sort have already been obtained by Bronsted and his 
students. 
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5PERIMENT 27 


CATALYTIC DEHYDRATION AND DEHYDROGENA- 
TION OF ETHYL ALCOHOL 

The specific catalytic characteristics of aluminum and zinc 
oxides in the simultaneous catalytic dehydration and dehydro- 
genation of ethyl alcohol has been demonstrated experimentally. 
The reactions taking place may be written as follows, where the 
selective influence of the catalyst is indicated: 

CAOH CJB* -f- H,0, 


CiHeOH 


ZnO 


CHsCHO -|- Hj. 


The following simple experiment is designed to introduce 1 
student to this type of work, to illustrate the specific infliiRnna 
the catalyst and to indicate the influence of temperature upon t 
progress of the reaction. 


Expebucentai. 

The apparatus is set up as shown in Fig. 48. A combustion 
furnace such as is iised in organic combustions is most convenient, 
although a satisfactory electric resistance furnace may be Tnarfa 
very easily. A layer of the catalyst is placed along the uniformly 
heated portion of the Pyrex glass tube, which may be about 1 cm. 
in diameter and 100 cm.-in length; Hma.ll wads of asbestos fiber may 
be used at the ends of the layer to keep it in positioiL One end 
of the furnace is raised a little so that the glaaa tube is in a slightly 
slanting position. The hi^er end of the tube is connected through 
a glass side-arm with the tube S, as shown. The top of tube S is 
closed by a one-hole rubber stopper carrying a short piece of 
tube drawn to a jet at its lower end and attached to the reservoir 
R by a length of rubber tubing. At the other end of the glngg 
tube is attached a safety bottle B and a wash bottle W partly 
filled mth water for collecting the condensed vapors of unchanged 
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I disaolving out the aoetalddiyde. Tlie 
wash bottle is arranged so that it nan i)e 


attached readily and quickly to a 100 cc. gas burette by a {aeoe 
of rubber tubing. 


When an experiment is in prepress the fomaoe is kept at a 
constant temperature by regulating the resistance or by con- 
trolling the current supply, the temperature being read on a ther- 
mocouple pyrometmr. The ethyl alcohol is fed slowly into the 


furnace by allowing mercury to flow from the reservoir R thioug|i 
the glass jet into tube S, i^ch is filled with alcohol; the rate at 


which it is fed may be controlled by adjustii^ the hm^t of the 



Fig. 48 


reservoir and the size of the jet. After having allowed the re- 
action to proceed at a constant t^peratore for a few minutes a 
Bftmple of the gas is collected in the gas burette by displacing a 
strong sodium chloride solution through whidbi the gaseous prod- 
ucts previously have been bubbled for some time. 

The ttarnplp. of gas is allowed to attain room temperature, is 
adjusted to a volume of 100 cc. at the barometric pressure, ^ 
is then analyzed by absorbing the ethylene with bromine water in a 
simple Hempd gas pipette. For the purpose of this experiment, 
other gimps, such as carbon dioxide, which may be present, may be 
n^ected. After thorough shaking with bromine water (if the 
bromine water becomes decolorized, a little liquid bromine should 
be added to the Hempel pipette) the residual gas is returned to the 
gas burette, allowed to attain room temperature again and the 
volume per cent of hydrt^pn is read off directly from the burette. 


1 


DEHYDRATION OF ETHYL ALCOHOL 




In this manner collect and analyze the products of the reaction 
at tenpCTatures varying by steps of 75® or 100® in the range from 
200® to 800® C- If desired, the products may be analyzed every 
50® in the above given temperature range. Repeat with the other 
catalyst, iiajpg a new I^yrex tube. 

Plot the volume per cent of ethylene against temperature, using 
the same sheet of co-ordinate paper for both cases. Which catalyst 
should be used in the commercial preparation of ethylene from 
ethyl alcohol by this process? What is the optimum temperar 
ture for the reaction? 

As an additional study, the time required to collect 100 cc. of 
the gaseous products at the different temperatures should be noted, 
adjusting the rate of flow of ethyl alcohol to approximately the 
gft-Tnft value at each tempm^ture. Plot the time required to 
collect 100 cc., against the temperature. At what temperature 
is the catalyst most efficient in promoting the reaction? 
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EXPERIMENT 28 


QUENCHING OF FLUORESCENCE 


This experiment is designed to illustrate an interesting property 
possessed by certain ions of being able to quench fluorescence. 
The effect has been described in the literature by Perrin, Ann. 
phys., [10], 12, 169-275 (1929); Comp, rend., 192, 1727 (1931). 

In a small agate mortar grind some fluorescein to a fine powder 
and weigh out 0.548 g. Hhimp it into a small beaker, add about 
20 cc. water and 0.25 g. stick NaOH. Stir until aU of the fluores- 
cein, which forms a sodium salt with the NaOH, ha.^ dissolved. 
Pour into a liter volumetric flask and dilute to the mark, with 
distilled water. Since the molecular weight of fluorescein is 
about 332, a solution made up in this way will have its molecules 
evenly disjjersed throughout the solution so that on the average 
there will be 1 fluorescein molecule for every little cube of vol- 
ume 10~® cm. to an edge (10~^^ cc.), or (100 A)’ or 10® A*. One 
Angstrom unit (A) is 10~* cm. The student should check this 

calculation. 

It will be observed that by transmitted light, shining through 
the solution, the color is red. But by reflected light, a beautiful 
greenish fluorescence shows itself. The theory of this effect is as 
follows. In structure, the molecule of fluorescein resembles that 
of phenolphthalein. 


OH F 



The two forms F and F are in equilibriiim 

F F" + H+. 
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In form F the H-atom on ozyg^ atom 1 probably migrates to 
o^^en atom 2, and the COOH group thus formed ionises to give 
In form F~ the quinoid grouping, Q, is present and this 
group is probably responsible for the color and the fluorescence. 
Upon addition of NaOH, the equilibrium is displaced to the right 
and the concentration of F~ increases. When these F~ molecules 
aie irradiated with white light they absorb green light, and then 
the transmitted light, robbed of its green, shows the complemen- 
tary color red. But soon after the molecules have absorbed the 
green light they emit it again, probably at a slightly longer wave- 
length, but still green. Such a re-emission is known as fiuorea- 
eence. The fluorescent radiation is sent out in all directions, but is 
not observable in the transmitted beam because it is drowned out 
by the greater intensity of the red light. 

Measure out 5 cc. of the fluorescein solution into each of 12 
test tubes. Add 5 cc. of 1 Jf NaCl solution to the first test tube, 
5 cc. of 1 M NaNQt to the second, etc., etc., using also the follow* 
ing salt solutions: 1 M Na^ 04 , 1 M NaBr, 1 M Nal, 1 M KQ, 
IMKBr, IMBI, IMNaCNS, lAfKCNS, IMNaCNO, 
IMECNO. It will be observed that in several of these cases the 
green fluorescence is quenched, and that the solution appears red 
even by reflected light. By a process of elimination it can be 
shown that the iodide ion, I~, is by far the most powerful quench- 
ing agent in this list. If the student cares to, he may explore 
the quenchuig power of various other ions not mentioned here. 

Now dilute, with distilled water, the solutions from which the 
fluorescence has been lost by the quenching, and note that the 
fluorescence reappears. Evidently, ibe quenching effect is a 
function of the concentration of the quenching ion. According 
to the theory, the fluorescein molecide F~ dbanhi green li ght 
an;^ow, whether or not any I~, or other quendung ion, is present. 
But the absorbed energy is not immediately mnitted. Tliere is a 
small time lag. The absorbed energy sloshes around in the 
molecule for a small time interval before it finally becomes located 
in oonomitrated form in Uie {Muticular group of atoms which serve 
as the emitting mechanism. If, during this time interval, an 
iodide ion, or other quenching ion, collides with the fliinrpaABj T^ 
^lecule, the latter is robbed of at least a part of its accumulated 
energy, and it can then not emit at all, nwlMw it A gnJn ^ i beor b ff 
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more eneigy from the light. If the iodide ions are scattered more 
widely apart in the solution by dilution with water, there is a 
smaller chance that they will collide with the excited fluorescein 
molecules, and a better chance that the fluorescent ftmiasrinti will 
occur before collisioii. 

It wiU be observed, in the large body of solution in the liter 
volumetric flask, that the fluorescence is much more intensp in the 
part of the solution nearer the source of light, and on the far 
side, away from the hght, the solution is practically red. This 
shows that all, or nearly all, of the green light has been absorbed 
from the mcident beam before it completely traverses this depth 
of the solution; hence the fluoresceiu molecules on the far side are 
not excited, or only feebly excited, to fluoresce. The aamc effect 
can be demonstrated by filliag two French square bottles, or other 
flat-side glass containers, with the fluorescein solution, and inter- 
poang one between the other and the light source. If the wave- 
length of the green light absorbed by a fluorescein molecule is 
5600 A, let the student calculate the quantum of energy in 
ergs per molecule, and the total energy in calories absorbed 
per mol. 

A very crude attempt may be made to estimate the magnitude 
of the time lag in the fluorescein molecule, as follows: Dissolve 
27.4 g. E3 in distilled water in a 100 cc. volumetric flask, and di- 
lute to the mark. This will give a solution vrith one iodide ion, I~, 
in every (10 A)® or in every 10““ cc. of volume. Run this solu- 
tion from a burette into 10 cc. of the fluorescein solution, until 
almost complete quenching has occurred. The addition of 1 cc. 
of the El solution will make a noticeable difference, but about 
10 cc. will be required to make the quenching practically 100%. 
The volume of the mixed solutions is now 20 cc., which means that 
there is one I”, on the average, in every 2 X (10 A)* of volume 
and one fluorescein molecule in every 2 X (100 A)* of solution 
volume. The situation may be idealized somewhat and repre- 
sented as in Fig. 49. Let us suppose that the iodide ions are 
distributed in a cubic net, and are located at the comets of cube 
volumes of 2 X (10 A)*. Such cubes have edges 12.6 A in 
length. The iodide ion has a radius of 2.2 A. Now, the fluores- 
cein molecule which is located somewhere within a much larger 
cube, 2 X (100 A)*, may be consideted at any partiOTlar instant 
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as being centered in one of the smaller iodide cubes, since all of 
these are alike, and it does not make any difference in our argument 
in which particular one the fluorescein molecule happens to be. 
While the fluorescein molecule is certainly not a sphere, we may 
suppose, for the sake of simpMcation, that it behaves as such on 
the average, as far as collision 
with I~ is concerned. Such a 
fluorescein molecule sphere 
would probably have a diam- 
eter of about 12 A. Thus along 
a cube diagonal, from comer to 
corner, a distance of 21.8 A 

(V^ ’ 12.6 A), the distance be- 
tween the surface of an iodide 
ion and the surface of the fluo- 
rescein molecule would be about 
2.7 A. If we assume that thin 
is the arrangement of the parti- 
cles at the instant that the fluorescein molecule absorbs the 
green light, and if we assume that at least one of the eight 
iodide ions will move toward the fluorescein molecule, the dis- 
tance to be travelled, on the average, to make impact, would 
be 2.7 A- Since in a liquid the mean free path is of the amm* 
order of magnitude as the particle diameter, we would not be 
making a large error in assuming that the iodide ion would travel 
this short distance at about the same velocity as would a gaseous 



Fig. 49 


ion, ruu 



ZRT 



3 X 8.32 X 1(F X 300 


= 2.4 X 10« 


My 127 

cm./8ec. = 2.4 X 10** A/sec. Therefore it would toke the I~ 
about 10“** seconds to readi the fluorescein molecule. Assuming 
further that theft of the absorbed energy occurs instantly on im- 
part, and that every collision is ^ecHve, i.e., that the I~ is not re- 
quired to hit the fluorescein molecule at some particular spot on its 

but can de-activate it by strikmg it anywhere, the lag 

be^n absorption and emission of fluorescence would be about 
10“** seconds. 

We have made a lot of assumptions here, some explicitly ex- 
preas^ ^ other implicit ones, and we would be very fortunate 
if our guess of 10“** seconds is not off by ten 
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times. It mi^t well be 10~^ seconds. At any rate it seems likefy 

that the lag is an extremely short interval of timp 
This lag between absorption and emission of energy, idiidi 
probably accounts for the quenching effect we have been observing 
here, is a helpful illustration of a point which h»« attained coi^ 
siderable importance in recent theory of umnnolecnlar reactions. 
There has been a difficulty in accounting for the velocity of uni- 
molecular gas reactions. If the energy of activation of the mole* 
cules, which conditions them for chemical reaction (see E» p 26), 
be supposed to come from collisions between molecules, the chem- 
ical velocity should be proportional to the square of the pressure, 
since the number of collisions per unit time is proportional to the 
square of the pressure. The facts are quite otherwise. The ve- 
locity is independent of pressure, over a long range. In an effort 
to resolve the difficulty, the “ radiation theory ” was su^ested, 
according to which the molecules get their energy of activation by 
absorption of infra-red, heat, radiation. This theory had to be 
discarded because of its many manifest difficulties and absurdities. 
Some years ago Tindemann proposed an interesting mecbaiiisin. 
A Hmall fraction 

A TZl A' 

i 

B 


of the normal molecules A change into activated molecules A', 
rich in energy, by collision (shown by arrow to right) and A* 
mol ppulpa then react to form the product molecules B. But the 
energy-rich molecules A' do not react immediately upon picking 
up their extra load of energy. This energy is supposed to wander 
arotmd within the molecule for a short “ lag ” time, before it 
becomes properly concentrated and located at the most firagOe 
in the molecule and then causes fracture (a lag very much like 
that in the fluorescein molecule before emission of fluorescence). 
In the mpantime the A' molecule may be struck by an unactivated 

A and robbed of its energy, before chmnical reaction 
can t-ftke place. The de-actrvation process, c hanging of A' back to 
A, is represented by the arrow to the left. This theft of tiie acb- 
vation energy by collision is almost as rapid as the formation of 
activated A' molecules. The concentration of A' mdecnles which 
de-activation daring the lag is sm al l . TTus oancenttatian 
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is independent of pressure; and this concentration determines 
the rate of formation of B, and hence the rate of the chemical 
reaction. 

Lindemann’s mechanism is plausible in many ways. In favor 
of it, we may say here in our present setting that only fairly compli- 
caied molecules are found to imdergo uni-molecular reaction. 
This is probably because only in complicated molecules woiild 
there be a time lag, a time for the acquired energy to slosh around 
and be momentarily lost among the various bonds of the molecule. 
No uni-molecular gas reactions would probably ever involve 
molecules, however, as complicated in structure as fluorescein. 
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ONIC TUBES 


A three electrode thermionic or radio tube such as the UX-201- 
A type, or UX-301-A or any of the usual radio tubes is selected for 
the present experiment. Disr^ard for the moment the grid G, 
and consider the filament F and plate P in Fig. 50. If the tungsten 
filament of this tube is heated with a current, from battery aB, 

free electrons escape from it 



Fio. 50 


into the vacuum at a tem- 
perature far lower than that 
required to volatilize appre- 
ciably any of the metal it- 
self. When the electrons 
escape they leave a positive 
charge on the hot filament. 
The n^atively-charged 
doud of electrons, or “ space 
charge ” as it is sometimes 
called, is held more or less 


closely in the neighborhood of the filament by electrostatic 
attraction. The equilibrium thus established resembles in many 
respects the equilibrium between a saturated vapor and a hot 
liquid or solid, and in a certain sense we may speak of the 
“ electron vapor pressure.” If the n^ative pole of pother 
battery, bB, is connected to the hot filam ent and the positive pole 
to the plate P, the cloud of electrons will be rej^ed from the 
filament, which is now negatively chaiged, and will be attrac^ 
by the positively charged plate; and while the electrons are leaving 
the neighborhood of the hot wire, other electrons are boiled out, 
and hence a continuous stream passes across the vacuous spa<» 
of the tube from filament to plate, and also through tbe cu^t 
PbBMAFP. Such a streaming of electrons constitutes an electric 
current (In the conventional nomenclature, however, the cur- 
rent is said to flow in the opposite direction.) The strength of 
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this “ plate-current,” as it is sometimes called, is indicated on the 
milli-ammeter M.A. 

Such a thermionic tube may be used to rectify an alternating 
current, by connecting one lead wire from the generator to the hot 
filament and the other to the plate. When the filament is charged 
negatively, an electron current flows through the tube from the 
hot filam ent to the plate, but when the plate becomes negatively 
charged, no current passes in the opposite direction since the plate 
is not heated and does not emit electrons. 


ExPERUCENTAn 


(A) The ability of the tube to rectify an alternating current 
may be demonstrated with the apparatus shown in Fig. 51. First 


turn the two-way switch S 
to contact C, and by let- 
ting the 110-volt 60-cycle 
a.c. current, with the elec- 
tric light bulb L in series, 
flow through the dilute 
potassium iodide-starch 
solution in the beaker B, 
show that iodine is liber- 
ated at both platinum wire 
electrodes. Then, using a 
5-6 volt storage battery 
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aB, a variable resistance R and the amm eter A, heat the filament 


with a current of 0.25 ampere. It is not advisable to send a 


stronger current than this through the filament due to the danger 
of burning it out, or at least of shortening its life. There will be 


found on the paper box in which the tube is purchased, or on the 
manufacturer’s direction sheet accompanjdng the tube, a statement 
of the maximum filament heating current. Throw the switch S 


to contact C', and note that iodine is now liberated from only one 
electrode. The iodine identifies the positive electrode. 

The rectified current is unidirectional but intermittent, not 
continuous. By employing two tubes, one operating a half wave 
length out of phase with the other, it is possible to superimpose 
two intermittent currents, and obtain a continuous direct current 
from an alternating current. There is one condition under which a 
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thennionic tube will conduct the current in both directions, and 
hence lose its ability to rectify, n^nely the condition that arises 
when the plate is heated by bombardment of the filament electrons 
to a point where it also emits electrons. Such a situation is prO" 
duced when the plate voltage is high, and when the kinetic energy 
of the electrons is relatively laige as they strike the plate, due to 
their acceleration through the electrostatic field. 

Assuming that there is a potential difference between the filar 
ment and plate of 100 volts, calculate the kinetic energy of a single 
electron at the moment of collision with the plate, uang the 

equation 


Ve = 


mo 


where V is the voltage, and e, »» and v are respectively the charge, 
mass and velocity of the electron. Remember that a volt is equal 
to 10* electromagnetic units of potential and that the charge on an 
electron in electromagnetic units is 1.59 X 10"“ Calculate the 
velocity with which an average electron starting from a position 
of rest at the filament will strike the plate. Calculate the heat 
produced on impact, as s u mi ng that all of the kinetic eneigy is 
changed into heat. How many electron impacts of this sort 
would be required to bring a tungsten plate 1 g. m weight to a red 
heat (580“ C.), if none of the heat is lost by radiation or conduc- 
tion. and if the specific heat of tungsten is taken as being constat 
at 0 034? How long a time would be required to produce this 

result if a “ plate current ” of 2 milli-amper^were fiow^? 

(B) Arrange the apparatus as shown in Rg. 

a B-battery eliminator) to the plate and the negative end to toe 

when the vnltege on the alW 

S' a™ rr^r increase In plate enrrent wite 
Tl^tential A milli-ammeter with a range of 0-15 
Lnperes and with a scale which can be estimated to 0.01 
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ampere, should be employed. It may be neoessaiy to beet the 
filament for a short while in order to obtain concordant readings. 
Now cut down the filament heating current by 0.02 ampere, and 
again notc the plate currents at various plate voltages. Continue 
tairiTig sets of readings at successively lower filament currents, 
until the plate current at the highest plate voltage drops off to 
0.05-0.10 milli-ampere. 

Plot the plate current (ordinate) against plate voltage, making 
a separate curve for each value of the filament current, but plotting 
thftm all on one piece of paper. The flat portions of the curves 
correspond to the “saturation currents.” At each filament 
temperature, a sufficiently hi^ plate voltage may be fiiuilly 
reached, at whidi practically all of the electrons being emitted 
from the hot filament are drawn over to the plate, and when this 
voltage is imposed on the plate the electron current cannot be 
materially increased even with mudh hi^er plate potentials. 
The saturation current at each temperature is thus a measure of 
the number of electrons given off by the filament at that tempera^ 
tore. The saturation current / as a function of filament temperar 
ture is given by the Richardson-Dushman equation 


where A and b are constants characteristic of the substance of 
which the filament is made, k is the Boltzmann gas constant, and 
«b is the work required to remove one electron from the filfuntmt. 
at the absolute zero, il&re again we meet the Boltzmann factor. 


(See EKrdae m.) In the present esperimmit we wball not be 
able to determine the tmnperature of the filament, and he nee we 
cannot test here the validity of this equation. The student will 


find a profitable discussion of this equation, giving latent heat 


evaporation of dectrons from the filament, in Langmuir’s mos t 


interesting Chandlm- Lecture, /. Ind. Eng. Chem., 22, 300 (1030). 

Now plot the measured plate currents against filament 
current, mak i ng a separate curve for each value of the plate volt- 
age. Note that here again tibe curves flattmi out. When the 


plate voltage is held at a cmistiuit value, and the filament 
current gradually increased, the dirnd of etectrons emitted by the 
filament grows to sodi an extent that the negative or 
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“ space charge ” thus accumulated about the filamiwit. is large 
enough to exert a repellent effect on the other electrons V»Ainff 
emitted, and balance off some al the attractive poll of the 
When this equilibrium state is reached, the plate current wffl not 
increase with rising filament temperature. To increase the cur- 
rent, the plate voltage must be raised. Langmuir (fSen. Elect. 
Rev., p. 330, 1915) has shown that the plate current I (in amperes) 
corresponding to the flat portions of the curves is rdated to tiie 
plate potential V (in volts) as follows: 

I = aF* 


where a is a constant. Test the validity of this equation by 
substitution of your data therein, and thus determine whether a 
is a constant. 

(C) Arrange the circuit as indicated in Fig. 52. Heat the 
filsment with a current of 0.25 ampere. Make the plate voltagp 

about 10. Bv means of the 


Kvwvwww^ 


battery B' and the rheostat 
R' impose such a n^ative 
potential on the grid G with 
respect to the filament (the 
poles of battery B' will have 
to be the jsversb of those 
^own in the figure) that no 
plate current flows. In sev- 
eral successive steps bring 
the grid potential to zero, 
and note that there is no 
grid current as measured by 
the milli-ammeter in the 
grid circuit, althou^ the 
plate current increases. 
Then reverse the polarity of 
battery B', and make the 

grid G gradually more and more positive with respect to the fihr 
ment in steps of 1-2 volts, until a value of 15-20 volts has 
attained, noting the grid poential, the grid current, and the iflate 

Plot "late current against grid potentiaL What is the relative 



Fig. 52 



THERMIONIC TUBES 




effect of change in the grid potential and in the plate potential on 
the plate current? The positive charge imposed on the grid has 
the effect of neutralizing some of the space charge, and by raising 
the grid potential high enough the plate current can be increased 
up to the saturation value characteristic of the filament temperar 
ture. On this same paper plot grid current against grid potentiaL 
Observe that the flow of a small grid current is able to control the 
flow of a relatively large plate current. It is on this relationship 
that the amplifying action of a thermionic tube depends. If 
desired, the plate voltc^ may now be increased in steps of 30-46 
volts and the effect of grid potential on plate current determined 
as before. 

After performing this experiment the student should read 
Langmuir’s account of studies of adsorption made with the help 
of measurements of thermionic emissions (pp. 2270-82 of a paper 
in J. Am. Chem. Soc., 38 (1916)). For a general discussion of the 
theory of the properties of thermionic tubes, the student is referred 
to the following books: 

Van Der Bijl, Thermionic Vacuum Tube. 

Lauer and Brown, Radio Engineering PrmeipteB. 

Ckowther. Iona, Eledrona and lonieing RadiaRone. 

Chaffee, Thearg cf Thermiome Vacuum Tubee, McGraw-HQL 

Doahman, Hi(d$ Vacuum. 

Hoag, Eleeiran Pkgaice. 

QiaAhig, EiectriciRf and Magneiiem. 


y 


EXPERIMENT 30 

DIELECTRIC CONSTANT OF LIQUIDS 


The dielectric constant or specific inductive capacity of a sub- 
stance may be defined as the ratio of the capacity of a condenser 
with and without the substance between the plates. The di- 
electric constant of air for ordinary purposes may be taken as 
unity. If then, one has a means of comparing the capacity of a 
condenser with some substance between its plates with its capacity 
when air is used as a dielectric, the dielectric constant of the 

substance may be easily calculated. 

In Fig. 53 if the condenser AB, charged with a battery, is al- 
lowed to discharge through the coil L, electrons from the nega- 
tively charged plate A will flow through L onto the plate B. The 
current of electrons does not stop flowing when A and B have 

reached the condition of equal potential (no ch^); for, when 

the stream of electrons begins to slow up as 
a result of faUing potential difference be- 
tween A and B, the electromagnetic field 
generated in L tends to keep it in motion, 
and as a consequence, plate A continues to 
lose electrons and becomes positively 
charged, and plate B assumes a negative 
charge. Discharge then occurs in the oppo- 
site direction, and the electrons keep swing- 
ing back and forth through the circuit from 
plate to plate, very much like a movmg 

pendulum, until the electrical energy is dissipated as heat m 
overcoming the resistance of the circuit. TTie fr^uency of t^ 
oscillation depends upon the capacity of the condenser and 
inductance of coil L, as shown by the equation 



Fig. 53 


„ = 1/(2 TT VLXC) 

s the frequency, L the inductance (henr^) ant 
(farads). This holds true when the resistance 
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cimiit is gmally as is generally the case. For derivation of this 
equation and details of its application^ the student is referred to 
modem texts on electricity and magnetism, or the books listed at 
the end of these directions. The student should prove the dimen- 
sional homogeneity of this equation (see Exercise I). 

In the present experiment an oscillating circuit of this sort is 
set up, and a radio tube is employed to amplify the oscillating 
current and feed it back into tbe circuit so that the oscillating 
current does not fall off finally to zero, but is maintained. The 
capacity and inductance of the oscillating circuit are adjusted so 
that the observer is able to tell when the capacity in the oscillating 
circuit is at a certain value; that is to say, the condenser is ad- 
justed so that the oscillating circuit is “tuned” to a “wave meter” 
also consisting of a condenser and an inductance coupled to the 
inductance in the oscillating circuit, a pair of telephones being 
.employed to test for this tuned condition. The condenser in the 
oscillating circuit (this is better called the sending circuit) is really 
made up of two condensers in paralleL One of these condensers 
' has its plates immersed in the substance whose dielectric constant 
is to be determined. By noting the change that must be made in 
the capacity of the other condenser in order to keep the sendiog 
circuit in tune with the receiving circuit, when air and the sub- 
stance under investigation are used successively as dielectrics in 
the first condenser, it is possible to find the ratio between the two 
capacities, and hence the dielectric constant. 

Rxk 'iaUlM TgTg TAT. 

Construct the oscillating (Hartley) and wave meter receiving 
drcoits indicated in Fig. 54, It is perhaps advisable to have the 
VBiiom pieces of apparatus fastened in place to a baseboard, and 
equipped with binding posts, so that the student may mnlm the 
necessary wiring and connections. The tuner or radio-fiequenpy 
transformer L is an ordinary vario-coupler. A Bimbach t uning 

unit may be used, in which case the small primary coil on the stator 

is n^ected. The stator cofl is tapped approximately in the 

middle, for the Hartley oscillation circuit, and the rotor is in 

the receiving drcuit. The radio tube may be of the I7X-201-A 
^ype or UX-301-A. 

The variable condenser Co must be of the “ strai^t eapaeify 
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line” type, in which the plates are aemi-circalar and the axis of 
rotation passes through their center of curvature. It is pieferabfe 
to use two such standard condensers, ^diich may be permanent^ 
connected in parallel, of about 0.0005 and 0.0001 mfd. capaidty, as 
the smaller condenser may be used when liquids of low dielectric 
constant are examined and the larger one for liquids of somewhat 
higher dielectric constants. (Experimentally, it has been found 



Fio. 54 


that the metl 


lUH 


anti apparatus described here are suited for 
liquids of low specific inductive capacity, say below 10. Tlie di- 
electric constant of nitrobensene, whidi is almost four times as 
great as this figure, may be found fairly accurately, but those of 
liquids like acetone, K = 20.5, are very erratic, or one may be 
unable to detennine them at all) It is immaterial how the dials 
for tbp«» condensers are marked; the usual type has a scale from 

0 to 100 through an angle of 180° 

The student should calibrate one standard condensCT in 

of the other so that he may use the smaller one when air is the di- 
electric and the larger when a Hquid is used; this is done by sett^ 

one condenser at two different points and tuning 

unta the total capacity is the same in each case. 'Oie differences 

in the reading of the two condensers then represent the same c^^ 

ity; thus one gets a factor by means of which a capadty measu^ 

with one condenser can be converted to the units^usedon the 

other. This procedure ermUes one to ineasure the didectac c^ 

Btant of almost an of the liquids mentioned bdow to three Bigmfi- 
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The esqieiimental condenser Cz is connected in parallel with Co 
and may consist of a small balancing condenser (about 0.00005 
mfd.), preferably gold-plated. For getting the dielectric constant 
of nitrobenzene it may be necessary to use a condenser of this type 
from which all the plates have been removed except two stator 
plates and one rotor plate, spaced fairly far apart. The condenser 
Cr in the receiving circuit may be a 6xed condenser of about 0.005 
mfd. The grid condenser and the grid leak, G.L., in the oscillating 
circuit may be variable or may have the values 0.00025 mfd., and 
10 m^., respectively. It is best to have available several grid 
leaks, varying from 0.1 to 10 meg., and to determine by trial which 
one gives the most satisfactory results. 

The values given above for the condensers are those that have 
been found to give very satisfactory results. Other values may, 
however, be used. In fact it is advisable to experimentally deter- 
mine what valu^ give the best results. The condenser Cr should 
have such a capacity as will bring the reference point (see bdow) 
well up on the scale of Co. Thus, if Co = 0.001 mfd., then Qmay 
be 0.008 mfd. This reference point should not, however, be 
brought too dose to the ends of the scale as the capacity of Co 
does not follow a straight line near the ends of the sccde. 


The filament of the tube may be heated by a 6-volt storage 
battery, the current being regulated hy means of a 30-ohm rheo- 
stat. It is, however, much more convenient to make use of the 
a.c. dectric light current, stepping it down to 5-8 volts with a toy 
transformer, as the additional hum is not objectionable. The 
filament current should be kept as low as is consistent with good 
operation. The B-battery in the oscillating circuit may have an 
dectromotive force of 90 volte; but one of 135 volte is better. It 
may be very conveniently replaced by a B-battery eliminator. 
Lower voltages may be found to work, but not as wdl as those 
BUffiested. For very accurate work the ooils and condense 
should be stolded by being enclosed in a box lined on all aides 
with sheet iron (which is grounded). This will eliminate tiie 
influence of the capadty of the operator’s body and also any 
posaibiUty of radiation to neighboring radio receivers. No ground 
except that for the sheet iron shidd need be provided, althou^ if 
de^ the negative end of the filament may also be grounded. 
In this experiment, howev^, no shielding will be neoeanuy if the 
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student takes all readings witli body and hands in the same posi- 
tion for each rea din g. 

To determine the dielectric constant of a liquid the inductive 
coupling L and the capacity Co are varied xmtil sharp tuning is 
achieved. Or, one may tune to some nearby broadcasting station 
of known wave-length. As one varies the capacity of Co in both 
directions clicks are heard in the telephones when the wave meter 
falls into resonance with the sending circuit; at these points the 
wave meter absorbs so much energy that the sen din g circuit stoj>s 
oscillating at the frequency characteristic of the wave meter. The 
region between the two clicks may be made very narrow by loosen- 
ing the coupling between the two inductance cods and its midp)oint 
is taken as the “ null ” or reference point. Four readings of Co 
are now taken: (1) when the rotor plates of Cx are 
air; (2) when they are 


“ in ” 


out, usmg 

(3) when they are “ out,” using the 
liquid as dielectric and (4) when they are “ in.” The difference be- 
tween (1) and (2) gives a measure of the capacity of Cx when air is 
the dielectric; that between (3) and (4) gives a measure of its ca- 
pacity when the liquid is the dielectric. This differential method 
is used to p>ermit the p>ermanent connection of Cx and Co and to 
eliminate the effect of the leads from Cx. By dividing the second 
difference by the first the dielectric constant of the liquid is foimd. 

Determine the dielectric constant of the following liquids: 
benzene, toluene, xjdene, brombenzene, chlorbenzene, andioe, 
nitrobenzene, ether, chloroform, carbon tetrachloride. Compare 
with the values given in tables. If desired the dielectric constant 
of acetic acid may be compared with that of chlor-acetic acid by 
adding 1 30 mol of each to separate 50 cc. portions of benzene, and 

making the tests with these solutions. 

Calculate, with Equation 1, the approximate frequency which 
is absorbed by the wave meter. Since air is used in the case of 
the coil the inductance may be calculated by the equation L — 
4 where L is the inductance in centimeters, n is the number 

of turns of wire in one centimeter length, r is the radius of the coil 
in centimeters and s is the length of the coQ in centimeters. 

How many c.g.s. tmits are there in one henrv^? 

Electric Moments. The charge which the condenser can 
made to hold, in other words, the magnitude of the dielectric 
constant of the substance between the condenser plates, depends 
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on two quite distinct and separate effects, (1) First, it depends on 
the induced polarity, which means the polarization or separation 
of — and + charges within the molecules (of the substance 
between the condenser plates) which is produced when the electrical 
field is on. This induced polarity is not present normally, but in 
the electrostatic field of the condenser, electrons within the mole- 
cules are tom out of their usual positions and are displaced or 
shifted with respect to the positively charged atom nuclei in the 
molecules. Such an induced separation of intra-molecular chargee 
will of course neutralize to some extent, by induction, the chargee 
on the condenser plates, and hence increase the capacity of the 


condenser. (2) In the second place, the 
molecules may be perrnanently polarized, 
i.e., there may be a permanent separa- 
tion of negative and positive electricity, 
due to the nature of the molecule’s 
structure. Then, Fig. 55, when the 
plates are charged, an orientation or 
setting of the molecules in one direction 
will be produced, with the positive ends 
pointing toward the negative plate, and 
the negative ends toward the positive 
plate. With the positive ends pointing 
one way, some of the negative charge on 
the plate will be neutralized by induo- 



Fig. 55 


tion; and the same will be true of the positive charge on the other 
plate. Hence, with a given impressed potential difference, a larger 
quantity of chaige can be run onto the plates. It should thus be 
evident that the capacity of the condenser will be greater the 
larger the electric moments of the molecules, that is, the greater 
the separation of positive and negative electricity within the 
molecule and the greater the size of the charge separated. 

If the temperature is raised higher and higher the increased 
thermal agitation, which tends to give a purely chaotic arrange- 
ment of the molecules, cuts down the magnitude of the effect 
produced by the permanerU polarization, but does not disturb 
appreciably the induced polarization. Debye has developed the 
theory of the permanent polarization, and indeed it is possible to 
untangle the two effects, by measuring the dielectric constant 
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at a series of different temperatures. Out of such a treatmCT^t 
we can get what is known as the permanent electric moment of 
a molecule. If the permanent separation of changes within a 
molecule, due to the nature of the constituent atoms thrir 
spacial arrangement with res]>ect to one another, is represented as 

follows, ± —f the electric moment is defined as the 

product of the distance of separation (measured in cm.) and the 
charge, either + or — (measured in electrostatic units), m = e-L 
Since the calculated electric moment, in these units, varies all the 
way from zero, for those molecules which do not possess any 
permanent separation of charges, up to about 6 X 10“**, and 
since the charge on an electron is 4.77 X 10““ e.s.eL, it is obvious 
that the actual distance of separation of + and — charges in 
molecules which have so far been studied would vary from zero up 
to a little more than 1 X 10“* cm., i.e., to a little more than 1 A 
(Angstrom unit). 

The permanent electric moment of a molecule is a very sig- 
nificant quantity. If we know its magnitude we can often make 
very important deductions regarding the structure of the molecule. 
For example, in spite of the fact that the dielectric constant of 
benzene (CeEU) is about 2.2, it can be demonstrated that all of this 
arises from the induced polarization; benzene has no permanent 
electric moment. This is what we would expect from our theoiy 
of benzene ring structure. Even if there is a permanent moment 
at every C — H bond, thus 




I 

C 




the symmetry of the mrangement would ^use the moments to 
balance out. On the other hand in chloro-benzene there is a 
permanent moment, 1.5 X 10“**, at the C Cl bond. Now in 


parar-dichloro-benzene 
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I 

0 

C c 

I I 

c c 

Gf 

1 

cr 

the two oppositely directed moments (each 1.5 X 10““ cm. e.B.a.) 
would be expected to balance each other out, if the CeH« atid 
CgiEUCls molecules are really fl&t and hexagonal in shape. Actu- 
ally the permanent electric moment of para-dichloro-benzene is 
really zero, as predicted. In the case of the meta compound, 
where the two moments are no longer directly opposed, but 
an angle of about 120° with one another, it is found Lorn ♦■b** 
dielectric constant measurements that the electric rnnwiant is 
1.48 X 10““. This result is extremely gratifying, because it is 
very close to the value that we would predict by arranging two 
G G1 moments of 1.5 X 10““ in this way. And again in 
orOo-compound, where the angle is only 60“ between the two 
moments, they come much nearer adding up to 1.5 X 10““ 
+ 1*5 X 10““ (as they would if the angle between them were 0“, 
i.e., if they were both pointing in the same direction). The ob- 
served value for the electric moment of the ortho-compound is 
2.25 X 10““, which is dose to the predicted value. 

The electnc moment has been determined for a large riimibor 

of molecules of interesting geometrical structure. We cannot, how- 

era, secure the necessary data to calculate the electric 

mth the sirtiple experimental technique which we have 

in this expmiment. The student should consult Debye’s " Pdar 

Mdeaiks,” The Cihemical Catalog Co., 1929; and Smythe's 

Jha^sdrtc Condant and Mcieadar Strudun,** The 
Catalog Co., 1931- 

may conclude, however, from the observed values for dl- 
dectnc constants, obtained in this eaqreriment that brombenzene 
IS m^ polar, or has a larger electric moment, than benzene, and 
chlorbenzene still larger. Sunilufy, chlor-aoetic add is 
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more polar than acetic acid. In the case of CCU, the separation 
Df positive and negative charges within the molecule is probably 
considenible, but is not apparent in the experimental result be- 
cause of the sN-mmetrical disposition of the four chlorine atoms 
about the centnil carl»on atom. The electric moments are thus 
so arranged that they happen to balance out. In the unsjTnmet- 
rical molecule of CUCU the moment appears. 

ChAp. XIII. 

CVlXTxaji and Chap. \ . 

Eurkcn, Jrtie and I.ANIer. 

Tbomaiin. FUdriyn in Chrr^i-^try. 

Lauctt and Hrv>» n, En^r^crin^ PrifuripUM. 

Van Dw Bijl, TKcrmtonu: Vacuum Tubc$, 
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MEASUREMENT OF ELECTRICAL CONDUCTTVIIT 

One of the most important and interesting properties of an 
aqueous electrolytic solution is its ability to conduct electricity. 
The <»ndu^on is effected by the ions of the electrolyte and its 
magnitude is largely dependent upon the number of ions present. 
The number of ions is in turn dependent upon the concentration of 
tire electrolyte in the solution and also upon the “ degree of ion- 
^tion.” Since the “ degree of ionization ” is an important factor 
in the electroljrtic dissodation theory, the value of conductance 
measurements at once becomes evident. 

Instead of measuring the conductance directly it is determined 
indirectly from the measurement of the resistance. The specific 
redstance is the resistance in ohms of a cube of the conductor 1 cm. 
along m e^. The reciprocal of this is the specific conductance 
or coiductivity and its unit is the reciprocal ohm or mho. Gener- 
aUy the conducting power is expressed as either equivalent or 
molecular conductance. The equivalent conductance A is the 
conductance m reciprocal ohms of a solution containing one eram 
equ^ent of solute when placed between parallel electrodes 1cm. 
apart an area great enough to enclose such a volume of 

solution. The molecular conductance may be defined in the 
sam^ay except that the volume of solution placed between the 
electives contains one gram molecule instead of one gram equiva- 
lent of solute. If « is the specific conductance, Y, the volume dt 
wlufaon m cubic centuneters containing one gram equivalent and 
Fm the volume containing one gram molecule then 


and 


A = *F, 


^ = kV, 


a) 

( 2 ) 

^ mcrease in the dilution results in a decrease in the snecifie 
wnduc^ce and an increase in the equivalent conductan^TbL 
cause of mcreaaing apparent degree of ionization with dilirtio^! 
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The latter approaches a limiting value which is termed the equiva- 
lent conductance at infinite dilution, A=o, or at zero concentration, 
Ao. The dilution at which this occurs is different for different 
electrolyses and represents the concentration at which aU of the 
electrolyte molecules are ionized. Dhiding the value for A 
at any one dilution by the value A® at infinite dilution should, 
therefore, give the degree of ionization of the electrolyte at that 
concentration. Thus 



The doubtful meaning of a, however, in the case of strong electro- 
lytes, must be kept in mind. (See Exps. 19, 33, 37.) 

The measurement of electrical conductivity is nothing other 
than a measurement of specific resistance and can best be made 



with a Wheatstone bridge, modified to meet the conditions imposed 
by the nature of the material whose resistance is desired. Figure 
56 shows the arrangement of the apparatus. E is a source of alier- 
naiing current (1000 cycles per second) made necessary to avoid 
discharging the ions at the electrodes, which would produce 
changes in the composition of the solution. X is the cell contain- 
ing the solution whose resistance is desired ; R a variable resistance; 
V a variable air condenser; PG a slide wire of uniform cross 
sectional area provided at each end with fixed extension coils Ib, 

and T is a telephone receiver connected to the movable contac 

1 — la KQlcnrpd when no current flows through the telephone 
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zeoeivef . The lesistaaoe in the cell is then given by the following 
relation 

R CG 


X-g^R. 


The position of balance is detennined by moving the contact C 
along the wire until the sound in the telephone receiver produced 
by E reaches a minimum. For this experiment an induction coil 
serves as a satisfactory source of current; however, a microphone 
hummer or, better, a Vreeland oscillator or a thermionic oscillator 
should be used for accurate work. The condenser V is used to 
ensure perfect silence when the balance point is reached, by balan- 
cing its capacity against that of the cell X It can be omitted in 
tiie present determination. The function of the extension coils 
Ki to increase the effective resistance of the slide wire. Thin wire 
is gener^y wound on a revolving drum instead of being stretched 
out as indicated in the diagram. (For a detaffed description of 

conductivity apparatus see Reilly, Physico-Chemical Methods, 
pp. 577-601.) 

The conductance cell is shown in detail in Fig. 67. Before 
the cefl the electrodes should be freshly coated with platinum black. 
This IS done in order to reduce the polarisation effect to 
a minimum by having the maximiiTn surface area in 
contact with the solution. The platinising is accom- 
plished by passing a direct current between the eleo- 
trodes immersed in a solution containing 3 g of 
^oroplatinic acid and 0.02-0.03 g. of lead acetate per 
100 cc. of water, and reversing the direction of the 
ci^t every half minute. When an even velvety 
black deposit is obtained, the electrodes should be 
wa^ed m distilled water, placed in dilute sulfuric add 
and a currrait passed between them for 30 minutes 
witli reversal of current every minute, to remov^ 
occluded gases and Hquid. The electrodes are then 

^e^ d^ed wate and finally allowed to stand in 

vmty water for a few houia w 



Fxo. 57 



220 


ELEMENTARY PHYSICAL CHEMISTRY 


The conductivity of a solution has been defined in terms of 
the resistance of a centimeter cube. Since it is practically impos- 
sible in the present experiment to have electrodes of such dimen- 
sions as to enclose exactly between them a centimeter cube, the 
measured conductance must be multiphed by a factor converting 
it to the value which would have been obtained if this condition 
had been met. This factor is called the cell constant or resistance 
capacity factor, and is dependent upon the area of the electrodes 
and their distance apart. It is determined by measuring the con- 
ductance of a solution having a known specific conductance (con- 
ductivity) and solving for K in the expression 

Kc^ K (5) 

in which k is the specific conductance and c the measured conduct- 


ance. 


CoNnncTTVTTT Water 

In making up solutions and also in diluting those already made 
it is essential that quite pure water be used. This requirement is 
imposed by reason of the great sensitivity of the method employed 
and the assumption that the conductance measured is due solely 
to the ions of the solute. The presence of any ions other than those 
of the solute would modify the conductance and unless corrected 
for would introduce an error of appreciable magnitude. As carbon 
dioxide and ammonia are both present in the air and also are quite 
soluble in water, they constitute the chief impurities present in 
good distilled water. They can be removed by distilling water to 
which hajg been added potassium acid sulfate and banum sulfate, 
and collecting the distillate out of contact with the laboratory air 
in hard glass bottles, stoppered with a paraflaned cork containing a 
siphon and a soda lim e tube. A very satisfactory conductivity 
water still is that of Bourdillon (J- Chem. Soc., 103, 791 (1913)), 
which is also described by Reilly {Physico-Chemical p. 597). 
Good conductivity water may be secured by distilling distilled water 
in quartz vessels. (See also an article by Kendall, J. Am. Chem. 

Soc., 38, 2480 (1916).) 


Determination op the C kTiI j Constant 

Prepare 100 cc. of an exactly 0.1000 M potassium chloride solu- 
tkm, pure recrystallized potassium chloride and good con- 
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ducttvity water. This solution is best made up gravimetrioaDy 
and should be kept in a hard glaas bottle. HaTing prepared the 
KCl solution, next platinize the dectrodes as directed above, and 
connect the apparatus as shown in the diagram. Place the con- 
ductivity cell containing conductivity water in a thermostat 
regulat^ to 25** db .05^ When this temperature has been at- 
tained by the solution determine the position of minimum sound 
on the bridge and about 5 minutes later determine whether it has 
been changed any. li not, then the temperature of the cell 
be assumed to be the same as that of the thermostat. This deter- 
mination is repeated, usLog another sample of conductivity water. 
If the same viJue is again obtained the cell ««-n be considered as 
being dean. The cell with its electrodes is next thoroughly rinsed, 
five or six times at least, with 0.1 Jlf KCl solution, then filled and 
replaced in the thermostat. When the temperature becomes 
constant determine the position of minimu i p sound and calculate 
the cdl constant K. 

n the position of the sliding contact C corresponds to a bridge 

reading of I cm. and if the wire is 100 cm. long, then the ratio 

PC/CG becomes 1/(100 — Q. If now is the lesistanoe^of the 
oeD, then 

B' I I 

B ~ 100-1 100-1®* 

71ie measured conductance is therefore 

. - 1 _ 100 - J 

Banoe finmi Equatioii 5 



B2c 

100 -i* 


Tlie oefl oonstant is, therefore, expraeBed in terms of the leostanoe 

R, the specific oonductanoe k, and bridge reading 1. In p^ir^iinting 

K use the value 0.01288 mhos for the conductivity of 0.1 M KCl 

at 25“. Having determined the odl constant K from throe sets 

of readings obtained with different values of R, clean the oeU 

thoroughly and determine the conductivity of the conductivity 
water used. 


V 
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resistance in the bridge arm is R o hms and the point 
sound on the bridge is I cm. then the conductance 


is equal to 


100 - I 

m 


This, multiphed by the cell constant 
t the water used. Thus 


*0 


K 100 
R‘ 


I 


I 


DeterbiIination of Equivalent Conductance of Silver 

Nitrate 

Prepare 100 cc. of 0.1000 M AgNOa solution, using good condi 
dty water and recrj-stallized silver nitrate. The 


flask 


this solution and a liter flask full of conductivity water, to be used 
for diluting the solution, should both be kept in the thermostat. 
Thoroughly clean and dry four 120 cc. hard glass bottles and pro- 
vide a means of supporting them in the thermostat. With an 
accurately calibrated 25 cc. dehvery pipette, put 25 cc. of the 
M/10 AgNOa in a 100 cc. cahbrated flask and dilute to the mark 
with conductivity water. Both the water and the silver nitrate 
solution should be at 25°. Mix thoroughly and pour into one of 
the 120 cc. bottles previously placed in the thermostat. Clean 
and dry the pipette and flask. With the pipette put 25 cc. of the 
Af /40 AgNOs solution in the flask and dilute to 100 cc. as before. 
When thoroughly mixed pour this Af/160 AgNOa solution in the 
second hard glass bottle. In the same way make A//640 and 
Af/2560 solutions. 

Next clean the conductivity ceU and electrodes with conduc- 
tivity water. Dry the electrodes and rinse with the M/10 AgNOa 
solution. Fill the cell, place it in the thermostat and determine 
the conductivity as before. Make three different sets of readings 
with different values of R. It is advisable to adjust the resistance 

R so as to bring the pxjint of balance in the middle portion of the 

-iralnAs frvr the snecific conductance cal- 


Fro 


wire. 

the equivalent conductance for each dilution, using Equa- 
This, in terms of R, K, I and the dilution V , which is the 

volume of solution containing one mol of solute, takes the form 


tion 1 


A 


K 100 


I 


R 


I 


V. 
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Tabulate your data and plot the equivalent conductances against 
the ooncentiation. Extrapolate this curve to zero concentration 
(infinite dilution). Using the value for A at infinite dilution 
calculate the “ degree of ionization ” for AgNOi at each of the other 
dilutions. 

Influence of Tehfebatube on CoNDUcrtivrnr 

Determine the conductivity of the M/40 A^NOs solution 
exactly as at 25°, but at each of the following temperatures: 30°, 
35° and 40°. Use a large beaker of water as a thermostat. Plot 
the values obtained against the temperature and draw the curve 
showing this relationship. Compare the change in conductivity 
with temperature with that of viscosity of water with temperature 
(Exp. 10). 

Among the many interesting and valuable applications of con- 
ductivity measurements are to be found the determination of 
an end point in a titration and the determination of the solubility 
of a slightly soluble salt. These applications are illustrated in the 
following experiments on “ The oonductimetric titration of a solu- 
tion of HCl with NaOH ” and The determination of the solu- 
bilities of BaS 04 and A&Cr 04 .” 


The Conduchuexbic Titiu.tion of an HCl Solution 

wrm NaOH 

This method depends upon the fact that among other f-hinpa 
the conductance of a solution is a function not only of the ooncen- 
tration of the ions but also of the ionic velocities. Any marlriMf 
change in either or both of these factors results in a nba-ngn in thn 
conductance. Thus in the case of the neutralization of a strong 
add by a strong base, if one adds a solution of the base to the add, 
the salt of the add and water are formed with the result that the 
faster moving H+ ions are replaced by the dower moving 
of the base. Since the difference in the degree of inniiatfa-nTi ©f the 
salt and the add is n^;ligible, successive additions of the base to 
the add gradually lower the conductance still further until a 
minimum value is reached when all the H+ ions of the add have 
been removed, that is until the neutralization is cmnplete. I\irther 
additions of the base beyond this point will tiiem maricedly 
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the conductance because of the considerable increase in the con- 
centration of the free and fast. mo%dng OH~. 

A knovN n volume of HCl solution sufficient to cover the electrodes 
is put in the conducti\’ity cell and the position of balance on the 
bridge wire is determined following the same procedure and ob- 
serving the same precautions as in the earlier experiments. The 
position of balance is again determined after each addition of 


successive small quantities of standard NaOH solution. A good 
calibrated burette should be used and the solution thoroughly 
mixed before the bridge reading is determined. The resistance R 
should be so chosen that the initial point of balance is obtained 
about the middle of the bridge wire and it should not be changed 


during the course of the neutralization 


readings 


corresponding to the number of cc. of standard NaOH added are 
plotted as ordinates against the number of cc. of NaOH as abscissas 
and the curves connecting the p>oints drawn. The intersection of 
the two curves indicates the number of cc. of standard base re- 


quired for the neutralization 


determination can be checked 


havung a few drop>s of phenolphthalein present 


tion. 


The SoLtTBELJTiES OF BaS04 and Ag2Cr04 in Water at 25 


In general it may be assumed without serious error that a sat- 
urated solution of a slightly soluble salt is completely ionized. On 
the basis of this assumption then A* may be regarded in such a case 
as equal to A and Equation 1 above may be written as 



If now the solubility of the salt in gram equivalents per liter is 


represented by S then 


1000 

S 


cc. is the volume, Y*, containing one 


gram equivalent and Equation 6 becomes 


from which 



K ■ 1000 

S 




*• 1000 



( 7 ) 

( 8 ) 


It is evident therefore that the solubility in gram equivalents 
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per liter can be determined from a knowledge of the specific con- 
ductance, K, of a saturated solution of the salt and Aao, the sum of 
the ionic conductances of the cation and anion of the salt. 

The salts BaS 04 and AgaCr 04 are first finely ground and thor- 
oughly washed with conductivity water to remove any soluble 
impurities which may be present. About 10 g. of the salt are then 
placed in a 250 cc. Erlenmeyer flask, thoroughly shaken with 
about 200 cc. of high grade conductivity water at 10-15 minute 
intervals for about 2 hours. During these intervals the and 
contents are kept in a thermostat maintained at a temperature of 
25®. A portion of the solution is then placed in a conductivity cell 
having large electrodes rather close together and the specific con- 
ductance is determined. The determination is repeated at 15-30 
minute intervals with fresh portions of the solution until a con- 
stant value is obtained. The specific conductance so determined 
is then corrected by subtracting the conductivity of the water used 
from this value. The solubility is then calculated as indicated 

above in Equation 8. The ionic conductances may be found in 
handbook tables. 

Compare the value obtained in this experiment for the solu- 
bility of AgjCr 04 with that obtained in Experiment 33. Which 
do you regard as the more accurate and why? 

Rbfbbbncbs: 

Taylor, Chap. XI; 

Bodebush, Chap. X. 

Getman and Dani^ Chap. XV* 

Millard, Chap. VI. 

Findlay, Chap. TX^ 



TRANSPORT NUMBERS; COULOMETERS AND CON- 
DUCTANCE OF GLASS 



In the following experiment one of the usual procedures for the 
determination of transport numbers is adopted with the exception 
that a simple means is here prorided for rectifj'ing an altematmg 
current, so that an ordinary 110 volt a.c. electric hght current may 
be emploj'ed. The rectifier consists of a bath of molten sodium 
nitrate (and about 5% sodium chloride to lower the melting point) 
in which is partially immersed an electric light bulb, the 
ment of which is heated with an alternating current in the usual 
manner. The hot filament gives off electrons, and when a nega- 
tive charge (from the alternating current) is being imposed upon 
the filament, some of these electrons are repelled and at the 
same time some of the small, mobile, positively charged sodium 
ions are pulled Into the bulb from the hot glass surface. The 
sodium ions are soon neutralized by captured electrons and the 
sodium vapor thus formed deposits as metalhc sodium on the 
cooler portions of the electric hght bulb, where it is not imm ersed 
in the hot bath. The loss of electrons by the filament and loss 
of sodium ions by the glass are both equivalent to a flow of nega- 
tive electricity from the filament to the glass. Sodium ions from 
the sodium nitrate bath replace those lost by the glass, and at the 
same time nitrate ions are discharged at a positively charged metal- 
hc electrode (the metal vessel containing the melt). On the other 
hand, when the filament becomes positively charged, there is no 
flow of current, since there are no negatively charged ions present 
in the glass which are mobile enough to move, and since the fila- 
ment does not, of course, give off positivel 3 ^ charged ions. For 
these reasons the alternating current is rectified, an intermittent 
unidirectional current being obtained. This rectifier (see Burt, 
J. Optical Soc. Am., 11, 87 (1925)) iUustrates a number of interest- 
ing points ; for example, it sei^-es as a fairly good coulometer, or, 

if the current which passes is known, the atomic weight of sodium 
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may be calculated from the weight of metallic sodium which 
coUects inside the glaaa bulb. The experiment su^ests that 
glass is a liquid, although a veiy viscous one, since it pennits 
the passage of ions by electrol^^. It also gives a very fine 
method for the preparation of pure sodium in wmall amounts. 

As some of the newer type bulbs are made from rather hard 
glass through which the ions diffuse with difficulty, care should be 
taken to select either an old carbon filament or a 40-60 watt 
tungsten filament bulb of plain unfrosted glass. Gas-filled bulbs 
should also be avoided. The clear glass 50-watt “ Mill TsTC ” 
bulb (either General Electric or Westinghouse) works very satis- 
factorily. 

Experihentai. 

Figure 58 shows the arrangement of the apparatus. Both 1^ 
A and C, and the middle section M, of the transport tube are filled 

A.CJJile 



with about 0.1 N solution of silver nitrate. The middle section 
M, provided with a stop-cock, may be attached to the legs with 
large sized rubber tubing or with ground glass joints. It is im- 
portant that the 1^ be rather long. The diwiftnajon s 

in the figure ate satisfactory. The two electrodes at A and C are 
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of platinum foil supported in glass tubes and pro\dded with mer- 
curj,^ leads. The anode A must be previously plated with silver 
(or it may be made of pure silver — copper-free) . In the silver 
plating use a bath of silver cyanide, made by dissolving 15 g. of 
silver nitrate and 20 g. of potassium cyanide in a liter of water. 
In plating, a silver coin may be used as anode, pro\dded the current 
density is not too high (not over 7 milli-amperes per cm.^). 

The iodine coulometer, also equipped with platinum electrodes, 
is filled in both legs with 10 per cent potassium iodide solution up 
to within a few centimeters of the cross tube H. Then 10 cc. of 
50 p)er cent potassium iodide solution is introduced into bulb F 
through a long capillary funnel (made by drawing out a sttirII test 
tube or vaccine tube) which extends down to the bottom of the 
bulb. In this way the stronger solution is introduced without 
mixing with the 10 per cent potassium iodide solution above it. 
In the same way introduce into bulb E 2 or 3 cc. of the 50 per cent 
potassium iodide solution and then underneath this 10 cc. of a 
50 per cent potassium iodide solution saturated with iodine. 
Leave the capillary f unn el in E (the cathode chamber) or with- 
draw it x>ery slowly and carefully, to avoid mixing of the layers. 
When both bulbs E and F have been loaded, the solution of 
10 per cent potassium iodide should then fill the connecting 
tube H. 

The strength of the rectified current which is allowed to flow 
through the transxx)rt number tube and the iodine coulometer 
which are connected in series as shown in the diagram, is con- 
trolled in two ways, (1) by changing the amount of the glass stir- 
face of the electric hght bulb R, immersed in the molten salt, and 
(2) by moving the rheostat contact P to regulate the filament 
heating current. The temperature of the filament should be kept 
as low as possible in order to lengthen the life of the bulb, for in 
the presence of sodium vapor the tungsten filament sometimes 
bums out during the course of the determination. 

A current of 8—10 milli-amperes, as measured on the miUi- 
ampere meter M.A., is sent through the system for about 2 or 3 
hours. It is important that the current density should not be 
too high, about 0.5-1 miUi-ampere per cm.- of surface of the 
cathode C in the transport number tube, and not more than 5 
milli-amperes per cm.^ of anode F surface in the iodine coulometer. 


TRANSPORT 


EiRS 


y.r'. 
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Hie qaaxxHty of electricity which has passed is estunated roog^y 
from the meter reading and the time (remember that the current, 
which is intermittent, is on only half the time), and is calculated 
more ^Eactly from the volume of standard thiosulfate solution 
(0.02 N) required to titrate the iodine liberated at the p 

(this should be run out through the stop-oock into a beaker for 
titration). The concentrations of silver nitrate in legs A C 
and the middle portion M are determined by removing most of 
the solution in each section throu^ the stop^MKikB, tjJring care 
not to wash down loose crystals of sQver, weighing the solutions 
in beakers, and then adding an excess of sodium chloride soluticm 
and titrating back with standard silver nitrate solution, i»ring 
sodium chromate as an indicator. If the concentration in the 
middle portion has changed, the time was too long and the experi- 
ment must be repeated in a shorter time. 


Care must be t aken that the iqiparatus is not subjected to vlbra* 
tions, such as those from a motor. If it is observed tiiat the 
m e nis ci in tiie transport tube dance up and down, vibratknm 
must first be removed or else absorbed by placing smne sort of 
cushion (even an ordinary book is often very efficient) 
the st and supporting the transport tube. 

Oalculate the atomic wei^t of sodium from the Jn wej^t 
of the electric light bulb. Calculate the transport numbers of 
Ag^ and NO«“ frcmi the diange in concentration in the anolyte 
eatholyte. Calculate the ooncmitrations on a wei^t ha«a i% 
is penniaaible to take the average of the anolyte and eatholyte 
concentration changes for the transport number calculation. 
Prom the transport numbers of Ag<- and NOi“, and frmn the leenlt 
for the equivalent conductivity at infinite dilution of sfiva nitrate 
obtained in Exp. 31, calculate the ionic conductivitiee of Ag*“ and 

NOi . Calculate tile velocity in cm. per SBC. with which silver ioiM 

move under a potential gradient of one volt per cm. (See Taylor, 
pp- 397-402.) Es t i ma te tiie area of the gLuw bulb in contact witii 

^ inolten sodiim nitrate and, taking tile average thickness of ti^ 

pa« as 0.7 mm., or whatever it Bsems to be, and the potential drop 

fluom ^ ^asB as 20 vrfts, calculate the reemtivity and conduc- 
tivity of tiie glass under tiie oemditions of tiiis When 

aennentof 10 mOli^peieB is indicated by the meter, what » the 

total number of ehwtrons whiA aro oBi^^ 
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one second? What would be the weight in grams of this number 
of electrons? 


OTHER COULOMETERS 

If the deposition of Ag on the cathode C, Fig. 58, could be 
followed quantitatively, by weighing before and after the run, 
the total quantity of electricity which flows could be calculated 
from the silver equivalent, namely 0.0011180 g. Ag per coulomb. 
But the form of the electrode, i.e., the attached glass tubing con- 
taining mercury, and the copper wire dipping into the mercury, 
would make such a weighing far from rehable. However, a silver 
weight coulometer, and a copper weight coulometer, and a gas 
coulometer may altogether, or separately, be inserted into the cir- 
cuit in series with the iodine coulometer, or these coulometers may 
be run in series in a separate experiment, if the student cares to 
do so, to determine the several Faraday equivalents. 

Silver Coulometer. The silver weight coulometer, of all 
coulometers, is generally regarded as being capable of producing the 
most accurate results. It is used as a standard in the determina- 
tion of the value of the Faraday unit and in defining the coulomb 
and amp)ere. One convenient form makes use of a small platinum 
crucible as cathode, containing a 10-20% solution of AgNOa. 
An anode of electrolytically dep)Osited Ag surrounded by a s mall 
porous cup or pajjer extraction thimble is immersed and sus- 
pended in the AgNOa solution. The purpose of the porous cup 
is to catch any material falling off the anode during electrolysis. 

The platinum crucible is weighed before and after the passage 
of the current. The current density should not be greater than 
0.02 amp./cm.2 cathode surface. Since the deposit of Ag 
consists of rather large loosely adherent crystals, great care must 
be taken in washing out the AgNOa solution at the end of the run, 
preparatory to drying and weighing. The washing can best be 
accomplished by removing the successive additions of wash water 
from the crucible with a pipette, until the washings are free from 
Ag+^j as shown by failure to get even a faint precipitate with NaCl 


solution. 

Copper Coulometer. 

accurate measurements than the silver weight coulometer. 
vantage Ues in its greater convenience and ease of operation. 


The copper weight coulometer affords less 

Its ad- 

A 
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400-500 cc. beaker fitted with a non-conducting lid provided with 
suitable openings for a stirrer and the electrodes serves as a satis- 
factory vessel. The electrolyte has the following composition: 
150 g. CuS 04 ' 5 H 20 ; 50 g. cone. H^SO^; and 50 cc. ethyl alcohol 
in a liter of distilled water. A cathode of electrolytic sheet copper 
is suspended vertically in the center of the beaker and two anodes 
of like material are suspended on both sides of the cathode. The 
electrolyte is stirred gently during the electrolysis either with a 
mechanical stirrer or by slowly bubbling in CO*. After the eleo- 
trol 3 ^is, the cathode is washed thoroughly with distilled water, 
then rinsed in alcohol and dried and weighed. The cathode cur- 
rent density may vary from 0.02-0.002 amp./cm®. The electro- 
chemical equivalent of cupric copper is 0.0003294 g. 

Gas Coulometer. The gas coulometer is less accurate than 
either the silver or copper weight coulometers, but p>ossesses the 
advantage of not requiring any weighings. It may be made from 


a 100 cc. burette which has an enlarged opening at the top capable 



sealing glass tubing of correct size to the top of the burette, which 


is used in an inverted position, that is with the stop-cock up. 
Nickel electrodes are inserted through two of the holes in the rub- 


ber stopper and a glass tube connected by means of rubber tubing 
to a leveling bottle is inserted through the third hole. The electro- 


lyte is a 10% NaOH solution. The inverted burette and leveling 
bottle are supported on an iron ring stand. The stop-cock is 
opened and the burette is filled to the top graduation by raising 
the leveling bulb. The stop-cock is then closed and the electroly- 
sis begun, at the end of which the volume of mixed gas is deter- 
mined and corrected to N.T.P. 


One Faraday of electricity will liberate 16.78 liters of dry mixed 
hydrogen and oxygen at 0® and 760 mm. pressure. Therefore 
1 cc. corresponds to 5.75 coulombs. Before putting the g%a 
^ulometer in service after the introduction of fresh electrolyte it 
is necessary to electrolyze the solution for a while in order to 

saturate it with the gases and also because a fresh solution of 
NaOH foams considerably. 
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Taylor, Chap. XI- 
Rodebush, Chap. X 
Getman and Daniels, Chap. XV. 
Millard, Chap. VI. 

Findlay, Chap. EX 
Ehicken, Jette and IjaMer. 


EXPERIMENT 33 


CONCENTRATION CELL AND SOLUBIUIT PRODUCT 

Hie followiiig experiment fllnstrates a number of important 
prindplea It gives a method for detennining the values of the 
solubility and the solubility product of a sUghtty soluble sul^ 
stance such as sflver chromate. Because of the niynplifinatinn 
neoessaiy for our present purpose, the values so obtained, how- 
ever, cannot be considered accurate, but only of the conect order 
of magnitude. (For an excellent discussion of solubility product, 
see Sti ^jits, QualifaHve Chemical Analysis, TheoreUeal Part, 

CSiapter VIlL) 

ExFSBntBifEaii 

(a) Place two beaters (100 cc.), each one containing 50.0 ce. 
^ NaaCt 04 solution, on a piece of black paper or otiier dark 
bafkground. Eiequng one beaker and solntion as a control, de- 
termine accurately the volume of 0.01 M AgNO, solution which 
must be added to the other untfl a barely perceptible reddish 
turbidity is produced. Any smal l precipitate formed locaDy 
diaappearB on stirT^. Further addition of A^O, solution 
beyond the end-point forms a permanent piedintate. The 
appearmce of the turbidity, whidi is taken as the end-point, mm 
be readily observed only by comparing with the controL A 1 cc. 
bme^ OT a 1 cc. pipette with a scale indicating 0.01 cc. and pro- 
wled with a stop-cock or thumb-screw rubber-tube outlet, ahmiM 

be employed to deliver the A^O, solution. Repeat several times 

as a dieck. Btem your measurmnents calculate the solubility at 
room temperature of A^Ct 04 , eq^nessed as grams per 100 cc. and 

as^bpttliter. Calculate the solubility product, reinembering 

that the sQver ion concentration term must be squand, and com- 
pare the result with tiie accepted vahm. 

(b) Arrange a concentiatum cdl as shown in Fig 59 tKq 
tw^ver wire etecbodes A and B most first be lightly saver- 
{dated, using a silver anode, the aQver tyanide solution aliearty 


> 
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mentioned (in Exp. 32), and a cathode current density a little 
less than 1 miUi-ampere per cm.®, for a few minutes. The silver 
electrodes, attached to copper wires, are sealed into the ends of 
short glass tubes with De Khotinsky cement, or with sealing wax. 
The glass tubes are then supported in cork or rubber stoppers in 
the two legs of the ceU. The beaker M contains a saturated solu^ 
tion of NH4NO3, into which dip the two goose-neck tubes from 
the two legs. This arrangement largely reduces the contact 

potential which would otherwise exist at the 
junction of two solutions of different ion con- 
centrations contained in the ceU legs. 

First, introduce 0.1 If AgNOa solution into 
each leg, so that the two side-tubes are filled, 
and using the potentiometer system to be de- 
scribed (in Exp. 34), make sure that the E.M.F. 
of the cell is practically zero (it should not be 
larger than 0.001 volt). Solid electrodes in general are not very 
satisfactory because of the difficulty of reproducibility, that is, in 
the present case, the nature of the metallic silver smface of elec- 
trode A may be shghtly different from that of B, and hence a 
difference of potential is set up. 

Now, ( 1 ) replace the 0.1 iVf AgNOs solution at B with 0.05 M 
AgNOs solution, and ( 2 ) finally with 0.01 M solution, in each 
case measuring the E.M.F. of the cell after a constant reading has 
been attained. Assuming that the activity coefficients of the 
0.1, 0.05 and 0.01 M AgNOs solutions are respectively, 0.723, 
0.783, and 0.902 calculate the E.M.F. E of the concentration cells 
( 1 ) and (2) above bv means of the Nemst eouation 



Fig. 59 


E 


R T , 7i77li 

nF 72^2 


RT j oi 

In — 
nF Oi 


where 7 , m and a represent respectively activity coefficient, 
molality, and activity, and compare with your measured voltages. 

(c) Replace the AgNOs solution at B with a stock 0.1 M 
Na 2 Cr 04 solution saturated with Ag 2 Cr 04 , and from the measured 
E.M.F. of the ceU, calculate the concentration of the silver ions, 
and then the solubihty of Ag 2 Cr 04 (grams per 100 cc. and mols 
per hter) and finally the solubihty product. Compare with the 
result obtained in (a) above. 
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The stndent dioiild read Langmuir’s inspiring Chandler Lecture, 
J. Ind. Eng. Chem., 22, 390 (1930). In it he gives a Boltzmann 
factor derivation of the Nemst equation, above. 

Consider one of the electrodes dipping into an Ag^ ion solution. 
Hie silver electrode is positively charged (small solution pressure) 
mth respect to the solution. Say the potential difference is E'. 
Then, the work tv required to move one silver ion, Ag+, from 
the solution into the silver electrode surface is, to — E' -q, where 
q is the diaige on a silver ion (also on an electron). From the 
Boltzmann law (see Emxdse ill) it follows that 



where N, and iV/ are the numbers of Ag^ per cc. in the two differ- 
ent energy states, namely in the solid surface and in the liquid. 
Also, by inverting, we have 



Taking logarithms of both sides. 



Multiplying both q and k by the Avogadro number, 6.06 X 10“, 
we get 

N, RT 


vdiere P is the Faraday, the total change on a gram-ion (6.06 X 
10» partides) of sflver ions. If the valence of the ion l» ^pana>i 
to be n, 2, 3, 4, etc., the total work done in tran^rting a whole 
gram-ion up the potential gradient would of course be E • nP, 
the equation becomes 




This is the Nernst equation for a sin^e dectrode potentiaL Snp- 
now that this equation, as stated, is for the sffver electrode 
dipping into the more oonoentrated Ag*- solution in the oonoen. 
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tration cell. Let us also state it for the weaker solution, the 
other half cell; 

, Ni" E" . nP 

'"177 "- 52 ^- 

Subtracting the latter from the former equation, we have 

Ift (fpr i?//\ 


since (—In iV, + In Ns) cancels out. The term Ns is some fimo- 
tion of the hypothetical solution pressure of the solid silver and 
may be assumed to be the same for both electrodes. Since the 
E.M.F. E of the concentration cell is (E' — E”) and since we 
may use activities, oi and a*, instead of the effective ion concen- 
trations Ni and N”, we finally arrive, if we agree to neglect the 
bo\mdary potential at the junction of the two ion solutions (only 
a small correction), at the equation 



RT 

nF 
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PREPARATION OF A STANDARD CELL 


The junction formed by the contact of a metal and a solution 
of its ions is the seat of a potential difference, arising accordmg 
to the Nemst theory from the equilibrium established between two 
opposing forces, one the tendency of the metal to send ions into the 
solution and the other the tendency of the ions already present 
in the solution to deposit out on the metal. The former force is 
termed the “ electrolytic solution pressure of the metal,” and the 
latter the “ osmotic pressure of the metal ions in the solution.” 
A galvanic cell consists of a combination of two such junctions, 
the arrangement being such that when the metals are joined by 
a wire electricity flows (externally) from one metal to the other 
and (internally) in the cell from metal to solution, solution to 
solution, if more than one solution is present, and from solution to 
metal, thus establishing a complete electrical circuit. 

To determine experimentaUy the value of the electromotive force 
of any given cell it is first necessary to have a standard source of 
E.M.F. such that a definitely known, reproducible and constant 
value shall always be given. For thin purpose the Weston stand- 
ard cell is generally used. Orte electrode is composed of a 10-15 per 

cent ca dmium ama lg am in contact with a saturated solution of 
cadmium sulfate containing CdSOi ■ f HaO crystals. The other 
electrode consists of mercury in contact with a paste of solid 
mercurous sulfate in a saturated cadmium sulfate solution. The 
cell is in stable equilibrium when no electricity flows through it and 
its E.M.F. at 20“ is 1.0183 volts. At 1“ C. it is 

E|. = 1.0183 - 0.000038 (<“ - 20). 

The cdl reaction when electrical energy is produced is givoi Iqr 
the equation 

Cd(12.5% ainalgam)+ H&SO* + fHaO = CdSO* • fHaO + 21Hg. 

Since the potential (i^. = 1.0181) is that of the equflibrium 
state, Le., when no dectricily flows throu^ the «»ll, it is obvious 
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that in order to maintain this constant potential the equilibrium 
must not be disturbed either by permitting the cell to produce 
electricity or by passing electricity through it in the reverse direc- 
tion. The reaction would proceed from left to right in the former 
case and from right to left in the latter. To prevent these reac- 
tions with their resultant equilibrium displacements it is impera- 
tive that a null method be used for measuring the potential. The 
Poggendorf compensation method as incorporated in the various 
potentiometers is most frequently used for such potential measure- 
ments. 




Materials required: Four H-tubes (Fig. 60), twice distilled 
mercurj', 12.5 per cent cadmium amalgam, cadmitim sulfate 
crystals, saturated cadmium sulfate solution, and mercurous 

sulfate. (For the preparation of these sub- 
stances the student may refer to Reilly, 
Physico-Chemical Methods, pp. 607-8; and 
also Hulett, Physical Review, 32, 257-80 
(1911).) Detailed directions are also given 
here. 

After securing the above materials and 
thoroughly cleaning and drjTng the H-tubes, 
the cells are then made up as follows: Place 
a funnel in the right-hand limb of the tube and 
pour in about 1 cc. of mercury, A. Place the 
bottle containing the cadmium amalgam in 
a dish of water and heat until the amalgam becomes liquid. 
With a warm pipette remove about 1 cc. of liquid amalgam 
and put it in the bottom of the other limb, B. Next cover 

the amalgam with a layer of finely powdered cadmium sulfate 

A layer D of similar thickness 




Fig. 60 


crystals about 3 mm. deep, C. 
consisting of a paste of mercury, mercurous sulfate, and cadmium 
sulfate is then placed over the mercury. A few large crystals of 
cadmium sulfate E are placed in each limb, and a saturated solu- 


tion of cadmium siilfate in water added imtil the liquid is up over 
the cross tube. Leads are inserted through corks, and are made 
of small glass tubing, with a platinum wire sealed in one end, filled 
with mercury in which a copper wire is inserted. The tubing is 
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beet filled with mercuiy by letting it flow through a capiUaiy which 
leaches to the bottom. The corks FF are cut so as to barely fit 
the tube, and over them are placed layers of paraflSn GG which 
effectually seal the contents of the tube. 

After ^e cells are made they are placed in a thermostat at 
25.0° C., and their voltages read at intervals with a sensitive 
potentiometer. After a week or so the cell readings should not 
vary more than one in the fifth place &om day to day. 

Tlie " unsaturated ” type of the Weston cell may also be pre- 
pared. It is made in exactly the same manner as above, except 
that the CdS 04 solution is saturated at 4°, and hence is unsaturated 
at room temperatures. Of course no crystals of CdSO^ ■ fHsO 
are introduced into the cell. The great advantage of the un- 
saturated cdl is its extremely small temp>erature coefficient. 

Ubx! of thb Potentioheteb 

The potentiometer, as the name implies, is an instrument for 
the measurement of potentials. The Poggendorf compensation 
method is the basis of many potentiometer 
methods and consists of the necessary elec- 
trical circuits such that the potential to be 
measured is just balanced against an equal 
and opposite potential of known value. 

This is illustrated by the diagram of Fig. 61, 
in which a lead storage cell P is connected 
to the ends of a wire AJ3. This wire is of 
uniform cross sectional area and there will, 
therefore, be a unif orm fall of potential along 
its entire length. Thus the fall over the por- 
tion indicated by AC will be proportional 
to this length and will equal AC/AB of the fall across the terminals 
AB. A standard cell Ei, is coniiected to the end A of the wire and 
to the movable contact C through a key E, and a galvanometer G. 
Similarly, the cell E* whose electromotive force (E.M.F.) is 
desired is coimected by means of a kqy 1^. The arrangement, 
however, is such that only one of these cells can be in the circuit 
at the same time. It is further necessaty that these cells have a 
lower E.M.F. than the battery P and also be coimected so that 
th^ will be working in opposition to it. With key K, closed a 
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current will flow tlirough the circuit AEgKsGC at any p)osition of 
the movable contact except that at which the fall of potential 
along the wire AC is equal to the E.M.F. of the cell Es. This 
position is determined by the absence of a galvanometer deflection. 
Under these conditions the following relation holds: 

Fall of potential AB ; E.M.F. of Es = AB : AC 

Similarly when a new point of balance C is determined with the 
cell Ex in the circuit the relation is 

Fall of potential AB : E.M.F. of Ex = AB : ACT 

Combioing these proportions we get 

E.M.F. of Es : E.M.F. of Ex = AC : AC' 

Therefore 

^ AC 

The essential difference between this simple illustration of the 
Poggendorf compensation method and a potentiometer is that the 
latter instrument is made direct reading and much more sensitive 
by substituting a series of coils of definite resistance for the wire 
AB and providing a means of controlling the fall of potential in 
the storage battery circuit. 

Before using the potentiometer read the directions furnished 
with the instrument. Most instruments contain a high resistance 
in the galvanometer circuit, which is used to get an approximate 
balance and is finally cut out entirely when the final balance is 
obtained. This simply serves as a protection to the galvanometer 
and to the standard cell and should be added if it is not already a 
part of the potentiometer. 

Purification of Mercury. The mercury to be purified is first 
cleaned chemically by shaking it violently for several minutes 
in contact with dilute HNO3 or a solution of HgNOj in a lai^ 
g 0 p 8 xatory funnel. Then it is run through Victor M^eyer s puri- 
fication apparatus, Fig. 62. The mercury enters through a special 
sieve (made by binding a piece of cloth over the flat end of a small 
funnel) which causes it to split up into a spray of fine droplets. 
The long vertical tube is filled up with a dilute solution of HgNO», 
after enough mercury has been placed in the shorter up-tumed 



PREPARATION OF A STANDARD CELL 241 

tube at the bottom to balance, hydroetatically, the head of HgNOi- 
solution. The mercuiy which falls to the bottom is run off 
through the siphon as shown in the figure. Several passages 
through the HgNOi-solution are desirable. This 
chemical purification depends on the ability of 
most met^ to displace mercuiy from solution. 

Reactions of, this sort are however somewhat 
reversible, even in the case of such strongly elec- 
tro-positive metals as zinc and cadmium (often 
present as impurities in mercuiy) . 

This chemically cleaned mercuiy is then intro- 
duced into a still, of the type shown in Fig. 63, 
and heated either with a small electric “ cup ” 
furnace, or with a Bunsen flame. The full force 
of a good water suction pump is applied and a 
fairly rapid stream of bubbles of air is allowed to 
come up through the mercuiy, by adjusting the q2 

stop-cock C. The bubbling of air through the 
capillaiy (at about 20 mm. pressure) serves two purposes: (1) to 
stir up the mercuiy and prevent “ bumping (2) to oxidize all 
ozidizaUe metal impurities. (Some mercury also is oxidized, of 



Fio. 63 


course.) The oxidation occurs in the gas phase, chiefly. Before 
the distillate is poured back into the boiler flask for the 2nd and 3id 
distillations, the whole apparatus should be thoroughly of 
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residual mercury mud and oxidized impurities, by using HVOj 
and tben water, and then drying tboroughlv. 

Witb this apparatus 2 or 3 kilograms of pure mercurv nnri be 
distilled in a few hours. By emplojunent of this method it is 


probable that mercury can be obtaiued 
than can any other known substance. 


in a higher degree of purity 


Preparation of Cadmium Crystals and Solution. The following 
weights (in grams) of cadmium sulfate are dissolved by 100 cc. 
water at the temperatures indicated. 



A saturated solution of commercial cadmium sulfate (prepared 
with a mechanical stirrer) is filtered into a large cr 3 rstallizing dish, 
to a solution layer depth not greater than 1 cm., covered with 
filter paper and allowed to stand in a place of constant temperattire. 
In a day or so a good crop of beautiful crystals will be obtained. 
Dry the crystals between filter paper. Now work up 100 cc. of 
saturated solution from these crystals at room temperature; this 
will require about 75 cc. water and 86 g. ciy^stals, but a considerable 
excess of crystals should be used, and the whole stirred over night 
with a motor-driven stirrer. 

Preparation of Cadmium Amalgam. Prepare an approximately 
12.5% amalgam (for 4 to 6 ceUs) as follows: Place 90 g. pure 
mercury in a small crystallizing dish, and place on top of the 
mercury 31 g. CdS 04 • fHjO crystals and 50 cc. distilled water, 
made acid with one drop of H 2 SO 4 . Introduce a platinum loop 


as anode just beneath the Hquid surface; make the mercury t 
cathode with a platinum wire insulated in glass. With a current 


2-3 amperes the cadmium metal deposits in the mercury about as 
fast as the crj^als of CdS 04 ■ fHsO dissolve. When all the 


crystals are gone, increase to 4—5 amp>eres. This ensures the 
complete deposition of the cadmium, and also generates enough 
heat to melt the amalgam. While the current is still running, 
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siphon off the liquid, and at the same time run in a quantity of dia* 
tilled water, until the current drops to zero. If the amalg a m is 
kept cathode under water it may be left indefinitely with no 
possibility of oxidation. The amalgmn may be melted at any 
time by adding a little hot water. 

Preparation of Mercurous Sulfate. “ The depolarizer is chiefly 
responsible for variations in the reproducibility and constancy of 
standard cells and the preparation of the mercurous sulfate and 
the making of the paste are still the most difficult and important 
part of the construction of these standards. ... It was diown 
that mercurous sulfate is stable in a sulfuric add solution when 
the concentration of the add is molecular (98 g. H^04 to a liter) 
or greater, but when the add strength drops bdow this value 
the mercurous sulfate begins to hydrolyze with the formation of a 
difficultly soluble bade salt, H&(OH)s • H^04.” (Hulett, Phya. 
Bev., 32, 255-280 (1911).) The following method for the preporar 
tion of HgiS04 is taken from Smith, Trans. Boy, Soe., A207, 
395 (1908). 

In a small evaporating dish treat 100 g. pxire mercury with 
15 cc. cold cone. HNOa, under a hood. When the action h«« ceased, 
pour off the mercury and dissolve the crystals (HgNOt) in 200 cc. 
dilute HNO< (1 part add to 40 parts water). Let this solution 
run &om a fine-pointed pipette into 1000 cc. dilute H^04 (1 part 
add by weight to 3 parts water). Wash 2 or 3 times with dilute 
R1SO4 (1 to 6) by decantation, and fiilter. If it is not to be used 
Immediately, preserve in a bottle under 1 : 6 dilute 
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THE ELECTROMOTIVE FORCE AND THE TEMPERA 
TURE COEFFICIENT OF THE DANTELL CELL 


When a galvanic cell, such as the DanieU ceU, is allowed to 
operate “ reversibly,” that is to say when the electrical energy 
generated is made to do the maximum amount of work, or if the 
E.M.F. of the cell is measured with a p>otentiometer (which is 
another way of virtually causing the cell to operate reversibly), 
then the decrease in free energj^ can be calculated from the relation- 
ship 

-AF = nFE (1) 

where AF is the free energy* change per gram-ion, n is the valence of 
the ion, F is the faraday (96,490 coulombs), and E is the E.M.F. 
of the cell. (A is pronoimced “ delta.”) For example, in the 
case of the Darnell cell, where the chemical reaction may be 
represented as follows 

Zn -h Cu'*^ — ^ Zn"*^ 4- Cu 

the free energv change p>er gTcun-ion (6.06 X 10® actual ions) of 
copper displaced, assuming the E.AI.F. to be aboui 1.1 volts, would 

be 

— AF = 2 X 96,490 X 1-10 = 212,278 volt-coulombs (or Joules). 

Dividing by 4.185, the number of volt-coulombs, or of Joules in ^ 
calorie, we" get - AF = 50,700 cal. Also, of course, for 1 gram 
equivalent of chemical change, — AF would be only 1/2 of 50,7(X) 

This maximum work which can be done in the external circuit, 
when the galvanic cell is operated reversibly, is by no means neces- 
sarily the same as the heat which would be generated, —AH, 
when the same chemical reaction is allowed to occur in a calo- 
rimeter, although it was at one time supposed that the two were 
identical. Nor is AH, the calorimeter heat, to be confused with 

the he*t changes which nearly always do occur in the operation 
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of any galvanic cell. These latter changes are often referred to as 
“ latent heat ” changes, and may be either an evolution of heat 
(cell tends to warm up during operation), or an absorption of heat 
from the surroimdings (cell tends to cool off during operation), 
depending on the nature of the cell reaction. 

While the heat of the reaction, carried out separately in a calo- 
rimeter, and the free ene^y change in the cell cannot be equated, 
a relationship connecting the magnitude of these two quantities 
and also the latent heat is given by the Gibbs-Helmholtz equation 
(for a derivation of which the student may consult the references 
at the end of this chapter) : 


AP — AH 



The term on the right-hand side, the absolute temperature multi- 
plied by the rate of variation of the free energy change with 
temperature, is the latent heat of the cell. Substituting for AF 
from Equation 1, and nhanging ago throughout the equation, we 
get 

nFE = - AH + T ■ tiF^- (2) 


dT 


This equation shows that nFE, the free energy change, and AH, 
the calorimeter heat, would actually be exactly equal, if by any 

chance the temperature coefficient of the ceU’s E.M.F., were 

dE 

exactly zero. When, in any particular cdl, is poaitive (E.M.F. 

gets Imger with increasing tmnperature), then the free energy 
is larger than the calorimeter heat, ami a quantity of latent heat, 

dE 

T ■ >B taken by the cell (per gram-ion of chemical change) 

frem the surroundings, when the cell operates. When ~ is 

negative, the free energy is less than the calorimetw heat, and laten t 

heat T • is given up to the surroundings. 

By means of Equation 2, and with experimental data on the 
E.M.F. of a cell and the temperature coefficient of the E.M.F., 
it is obviousty DOBsihle to calculate AH, the heat of the te 
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a calorimeter, and inddeiitally it may be said Hiat in general a AS 
calculated in this way is likely to be a far more reliable value thAw 
that actually measured with the usually quite unsatisfactory 
calorimeter technique. For this calculation. Equation 2 may be 
rearranged as follows: 

- 4 ^(® - ^ ■ If)- ® 

Preparation of Daniell Cdls. Three H-tubes are made rirnilar 
to those used for the standard oeU in Bxp. 34 and illustrated in 
Fig. 60, with the exception that the cross memher connecting the 
two l^s contains a two millime ter two-way stop-cock, the hore 
of which is lightly packed with dean ahsorhent cotton. In one 
leg of a well deaned tuhe 5 cc. of an approximately 5% copper 
amalgam are placed and in the other 1^ an equal amoimt of an 
approximately 5% sine amalgam . The stop-cock is then dosed 
and in the 1^ containing the zinc amalgam enough ZnS 04 solution 
is added to hring the level of the solution to about 3 cm. above the 
cross member of the tube. A quantity of CuSO* solution is then 
added to the other 1^ so as to equalize the levels in both legp. 
In this 611 ing operation care should be taken to see that air 
bubbles do not collect about the stop-cock and prevent the two so- 
lutions from coming into contact with each other. The sohitions 
should be carefully prepared from pure CuS 04 • 5H*0 and pure 
ZnS 04 • 7 H 2 O so as to contain 1 mol of CUSO 4 per 100 mols 
BaO and 1 mol of ZnS 04 per 100 mols of HsO. External con- 
nections are made through the amalgams by mean s of leads made 
from tmiall glass tubing, with a platinum wire sealed in one end, and 
filled with mercury in which a copper wire is inserted. The leads 
are supported by a one-hole rubber stopper fitted into the opening 
of the 1^. The stoppers are necessary to prevent concentration 
changes due to evaporation and should be sealed with paraffin or 

de Khotinsky cement so as to be water ti^t. 

The use of amalgams is necessary because of the lade of re- 
producibility of the cells when metallic zinc and copper electrodes 
are used. The concentration of the amalgam s may be varied from 
about 2-15% without producing appreciable change in the 

E.M.F. of the cells. 

The may be prepared electrochemically m much the 



THE ELECTROMOTIVE FORCE 


247 


Bttmft way as the Cd ainRlg am was piepaied for the standard cell in 
Exp- 34. A weighed quantity of carefully purified Hg is placed in 
a gmftll Giystalllsmg diah into which is poured a molar solution of 
ZnS 04 . The Hg is made the cathode with a platinum wire in* 
sulated in glass and the anode is a strip of pure electrolytic zinc. 
A gimilar cell containing a molar solution of CuSO# and an anode 
of pure electrolytic copper is set up and the two cells are connected 
in series. Enough electricity as indicated by an ammeter and a 
watch is passed throu^ the cells to produce amalgams of the 
required concentration. 

Three Daniell cells prepared as described above are placed 
in a thermostat at 25^ C. When a constant temperature has been 
attained thrir electromotive forces are measured with a suitable 
potentiometer reading to 0.1 of a millivolt. The m^isurements 
are repeated in about an hour and if in agre^ent with the first 
measurements, the cells are then placed in an ice-bath and their 
electromotive forces are again measured at or about 0^ C., after 
th^ have attained this temperature. In making these measure- 
ments care should be taken to see that the stop-cocks are open 
only during the actual measurement, otherwise diffusion may 
affect the reproducibility of the results. 

Ftom the electromotive force of the D aniell oeDs at the two 

temperatures calculate the temperature coefficient of tibe 

E.M.F. of the oelL Then using thia value and the measured 
E.M.F. of the cell calculate means of Equation 3, the calo- 
rimeter heat of reaction at 25^ C. Compare thia value with jihai- 
determined caloiimetrically for the same reaction in Eiqp. 20. 
How do you account for such differences as you may find? Are 
the predictions, made by Equation 2, concerning the relationship 

between the free energy and calorimeter heat when ^ is negative^ 

borne out by your measurements? 


Li order to make a proper oomi»tison between the calorimeter 
heat determined in 20, and Ibe ealnr imfttAr heat 
here, we should, of oonrse, have set up a DanieQ oen mang pme 
metallic Cu and Zn as electrodes. We were compdled to use 
a maleams for the sake of reinoducibility. llie hft«.t of 
taon of Zn is practically aero; that of Co is about 825 caL^ 
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lated fitxn the KMJ*. and the tampnrnfeom el tiw 

ing odl: 

Ca I dSate CaSO* Kihitioii | On nmalpiim (12%}. 

A thorough study of the Danidl odl has been made by Oohaa, 
Chsttaway and Tombrock, Z. fhyt. Chmn., 20, 7D6 (1907) and 
this work should be consulted in oonneotion with thia osparimsnL 
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EXPERIMENT 35 

NORMAL ELECTRODE POTENTIALS 


The potential diifferenoe resulting from the contact of a metal 
with a solution of its own ions (Exp. 34) is due according to the 
theory of Nemst to the equilibrium established between two ojh 
posing forces. One of these forces is manifested by the tendency 
of the metal to send ions into the solution in opposition to th e 
other which tends to deposit metal ions from the solution upon 
the metal. The magni tude of the former force is expressible in 
terms of the dectrolytic solution pressure ” of the metal (a 
hypothetical concept) and the latter in terms of the osmotic pre^ 
sure of the metal ions of the solution which in turn is proportional 
to the ionic activity. The electromotive force developed at such 
a metal-solution junction is given by the Nem^t equation 





in which A is a constant for a given metal; [C] is the concentration 

of the metal ions in the solution; P is the electrolytic solution 

pressure of the metal; and the remaining terms have their iigiial 
significanoe. 

Since for a given metal at constant temperature the electrolytic 
solution pressure may be r^arded as constant it is evident from 
equation (1) that the sin^e electrode potential of a metal is 
dependent upon the concentration of the metal ions in v^ch it is 
nninersed. In order therefore to provide a uniform basis of oomr 
parison of such potentiato it is necessary to select some one ionic 
concentration as a standard. The standard chosen is 1 gram- 
ion per 1000 grams of solvent. Expressed in terms of the " ac- 
tmty concept ” the normal or standard electrode potential Bo is 
the potential of a metal when in contact with a solution of ita 

OTO ions at unit activity. The normal electrode potential inay be 

cdculated from the single electrode potential E measured at some 
activity other than unity by the fonowing equation 

= (2) 


in ^ch Of. is the activity of the metal ion. 

24Q 
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DETERMI^fATION OF THE NORMAE EeECTRODE PoTENTIAM 

OF Lead, Zrsc, Copper axd Silver 

Normal electrode potentials are usually determined by measur- 
ing the E.M.F. of a cell consisting of the metal immersed in a 
solution of its ions combined with a calomel or hydn^en reference 
electrode. The E.M.F. of such a cell is the single electrode 
potential difference of the metal-solution interface referred to the 
calomel or hydrogen electrode as zero, together with any added 
potential differences due to hquid-Uquid junctions within the cell. 
The hquid-liquid jimction potentials may be disposed of either by 
calculating their values and correcting the measured potentials or 
by reducing them to such small values that they may be safely 
neglected. In this instance the latter procedure wUl be followed 
by interposing a salt bridge of 3 A" NH4NO3 solution between the 
KCl electrolyte of the calomel cell and the metal ion solution of 
the electrode whose potential is being determined. 

ITie normal calomel electrode is used as a reference electrode 
and the arrangement of the cells is the same as in Fig. &4, Exp. 37, 
except that the hydrogen electrode is replaced by the metal 
electrode in contact with its solution and a 50 cc. beaher cont ain i ng 
3 iV NH4NO3 solution is substituted for the large beaker shown in 
the figure. The metals and their solutions are placed in electrode 
holders of the tvpe shown in Fig. 59, Exp. 33. The cell circmt is 
completed bv dipping the goose neck of the electrode holder be- 
neath the surface of the 3 N NH4NO3 solution in the small beaker 
having pierfously filled the bridge with this same solution. The 
cell is then connected to a potentiometer and its E.M.F. is meas- 

ured as described in Exp. 34. 

Pure sheet lead cut into narrow strips and thoroughly cleaned 
in HCl solution and distilled water are used for the lead electrodes. 
The silver electrodes are prepared by electrolytically dep<^t^ 
silver upon narrow strips of sheet silver. The copper and zmc 
amalgams prepared in Exp. 35 may be used for the rop^r ^d 
rfnc electrodes. The electrolyte solutions are 0.1 M AgAU„ 
PbtNOa),, CuSO, and ZnS 04 . Two electrodes of each metal are 
prepared'and the single electrode potential of each refe^ to the 
normal calomel electrode as zero is measured m both 0.1 M and 
0.01 M concentrations of the corresponding electrolyte. tobp 
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these measured values calculate the normal electrode potentials 
the metals by means of Equation (2). 

For these calcuIationB use the following activity coefficients 
25® C. 



OJOtU 

OJH 

CUS 04 

0.404 

0.158 

ZI 1 S 04 

0.400 

0.161 

AgNO. 

0.902 

0.723 

Pb{NO,), 

0.692 

0.367 


Compare the values obtained with the accepted values for the 
»rmal electrode potentials of these metals r^erred to the normal 
lomel electrode as zero. 


Taylor, Chap. Xiii. 

Rod^ush, Chap. XI. 

Getanan and Daniels^ ^iap« x vii- 
Mmard, Qiap. XviL 

Newman, EledrolyUc Conduction, Chap. VI. 
CyaaBtone, Eleeiroehendsiry SciuHor^ Chap, XIV. 


EXPERIMENT 37 




Before doing this experiment it is advisable that the student 
should have performed Exp. 34. 

A knowledge of the concentration of the hydrogen ions in 
Etqueous solutions is of considerable theoretical and technical 
importance. Thus, for example, it is frequently possible to control 
the course of a g^ven reaction by varying the hydrogen ion coi^ 
oentration. Numerous analytical procedures make use of the 
sharp changes in hydrogen ion concentration accompanying 
certain reactions. One of the most satisfactory ways of deter* 
mining hydrogen ion concentration is the electromotive force 
method. This method takes advantage of the fact that a plati- 
nised platinum electrode saturated with hydrogen and immersed 
in an aqueous solution behaves not as a platinum eleptrode but 
as a hydrogen electrode. That is, there is an equilibrium estab- 
lished between the tendency for hydrogen ions to be sent into the 
solution, or the electrolytic solution pressure of the hydrogen, and 
the tendency for hydrogen ions to be discharged on the electrode, 
or the osmotic pressure of the ions in the solution. There is thus 
established a potential difference between the solution and the 
electrode, the value of which is dependent (at a given pressure of 
the hydrogen gas used to saturate the electrode) upon the concen- 
tration of the hydrogen ions in the solution. The value of this 
potential may te experimentally determined by measuring the 
electromotive force of a voltaic cell composed of the hydrc^en 
electrode and a calomel electrode of known potentiaL 

Before giving the details of the method, the equilibrium estab- 
lidied between water and its ions will be considered. The eq^ 
tion representing the ionisation of water, and the recombination 


of the ions is 


H*0 H+ + OET. 



The equilibrium relationship between the aotivitieB* of these 

• The ezpreaaion “activity” will be used throu^ut this chapter instead 
of “concentration”; although when the concentration is leas than 0.001 molal, 
the activity coefficient may be taken as 1, and the activity and ooncentiaiMm 

are the eame. 
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substances is expressed, in accordance wi 
by the equation 

Oh* X oqh- _ 


( 2 ) 


in which K' is the equilibrium constant and oh*, Oqh-, and ohiO 
are the activities. Due to the slight ionization of the water the 
activity of the non-ionized molecules is very great in comparison 
with the activities of the ions, and can therefore be considered as 
constant. Equation 2 may then be written as 

Oh* X ooH- = i^HiO. (3) 


The value of this ionization constant K at about room tempera- 
ture is 1 X 10““. Since hydrogen and hydroxyl ions are present 
in equivalent quantities it follows that the activity of each is 
1 X 10“^. If acid is added to pure water the activity of H*^, oh*! 
is increased or if alkali is added the activity of OH~, ooh-i is 
increased and as one increases the other decreases. This is in 
consequence of the relationship expressed in Equation 3 which 
requires that the product of the two ion activities remain equal to 
1 X 10~“. Thus if enough alkali is added to water to increase 
OOH- from 1 X 10“’’ to 1 X 10“*, oh+ must change to 1 X 10““. 


Oh* 


^HiO 

OOH- 


10 ““ 

10 “* 


= 10 ““. 


It is evident from this relationship that the algebraic sum of t-be 
exponents of 10 for oh* and oob- must always be —14, at thia 
temperatiu«. 

Instead of expressing oh* in terms of gram-ions per liter the 
“ hydrogen-ion-exponent ” or pH value is frequently used. If the 
Oh* is expressed as a power of 10, the exponent with its aign 
changed is defined as the pH value, that is, oh* = 10“'*^ or 

pH = log - — = —log Oh*. For a solution having an oh* of 


1 X 10“* the pH = 4, and for an oh* of 1 X 10^ the pH = #, 
etc. While the pH values are apparent from simple iTia parfapTi 
in these cases, it frequently happens that the negative ftT pnnant 
has to be determined from a table of Briggsian or common Ic^ 
arithms. Thus in a solution having an oh* of 5 X 10^ the n^a- 
tive exponent of 10 is obtained as follows. The lo^rithm of 
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5 is 0.699. This, when added algebraically to —4, gives a value 
—4 + 0.699 = —3.301 for the exponent (i.e., for logio 5 X 10~^, 
perhaps more commonly written as 6.699 — 10) or a pH value of 
3.301. While the pH system of notation is less cumbersome than 
the Oh* system, it nevertheless possesses some disadvantages. 
One of these, pointed out by W. M. Bayliss in Principles of General 
Physiology, p. 184, is that unless one is accustomed to thinking in 
exponential terms, rather marked differences in concentration are 
not self-evident from the pH values. For example, while it is 
perfectly obvious that an oh* of 6 X 10~* is twice that of 3 X 10~*, 
this fact is not so apparent from their pH values of 3.222 and 3.523. 

The absolute potential of the hydrogen electrode (saturated 
with hydrogen gas at a pressure of 1 atmosphere) in a solution 
normal with respect to the hydrogen ion is +0.282 volt at 25“ C.; 
that is, the osmotic pressure of the hydrogen ions in the solution is 
greater than the electrolytic solution pressure of the hydrogen 
electrode and therefore hydrogen ions discharge on the electrode. 
As the concentration of hydrogen ions decreases the osmotic 
pressure decreases and may jBnally become less than the electrolytic 
solution pressure. In this event the potential would then change 
from a positive to a negative value. 

As h^ already been pointed out, the calomel electrode (with 
N KCl solution) is used as the reference electrode in the measure- 
ment of the potential of the hydrogen electrode. It has an abso- 
lute value of +0.565 volt at 25“ C., which when referred to the 
normal hydrogen electrode as zero becomes +0.283 volt. The 
cell form^ from these electrodes may be represented as follows: 
(See Exp. 34, on standard cell.) 

Hj electrode 1 H+ solution | Saturated KCl 1 N KCl, HgO 1 Hg. 


The Nemst equation 

E = 0.059 


log — + 0.283 

Oh* 



expresses the relation between the hydrogen ion activity, oh*, 
and the measured electromotive force E of the cell. 

Figure 64 shows the arrangement of the electrodes. The 
solution whose hydrogen ion concentration is to be measured is 
placed in the beaker D and in this solution the hydrogen electrode 
is immersed. The calomel electrode dips into a small vessel G 
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«»nTifa».ining a Saturated potassium chloride solution. The vessel G 
5 wid the beaker D ate connected by means of a siphon filled with 
saturated potassium chloride solution. The purpose of this is (1) 
to reduce as far as possible the liquid junction potentials and ( 2 ) 
to prevent variations in the cal- 
omel electrode resulting from 
the diffusion of the solution D 
into the calomel cell, which 
would likely occur if it were im- 
mersed directly in D. Pure hy- 
drogen passes into the electrode 
holder at its top (Ha) and over 
the platinized platinum plate F. 

When the electrode and solu- 
tion become saturated the elec- Fiq, 54 

tromotive force of the cell is 
measured with a potentiometer as described in the st andar d cell 
experiment (Exp. 34). Why is it necessary in this case to use a 
null method? 

The calomel electrode is prepared as follows. Redistilled 
mercury. A, is placed in the glass cell as indicated in the figure. 
The mercury is covered with a layer of pure calomel B, made into 
a paste with a normal potassium chloride solution, (lire calomel 
may be prepared in the same way as HgtS 04 in Exp. 34, except 
that HCl is used instead of HjSOi. The final product, C^Cl, 
should be very thoroughly washed with distilled water.) The 
remainder of the cell is filled with a normal potassium chloride 
solution prepared from pure recrystallized potassium chlnridA . 
The lead wire immersed in the mercury should be of platinum; 
convenient and economical leads are described in the experiment 
on the cadmium standard celL 

If a normal hydrogen electrode, dipping into a H+ solution of 
® ~ were used instead of the calomel electrode. Equation 4 , 
without the term 0.283, would apply. The point is fhA* it is 
much more convenient to use the calomel electrode. The mercury, 
because of its very low solution pressure, takes on a positive 
charge in the presence of Hg*" in the KCl solution saturated with 
calomel (^Cl). The calomel also acts as a depclarizer. In the 
absence of calomel, hydrogen would be deposited on the Hg surface, 
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when the cell functions, since electrons run through the external 
electrical connecting sj-stem from the negative H-electrode on to 
the mercurj" electrode. A film of hydrogen gas would form 
which would insulate the Hg surface from the solution, or polarize 
the Hg surface, as we sa}'. Actually, however, in the presence of 
the calomel, Hg+ ions are deposited as Hg atoms on the surface, 
and these are absorbed into the mass of Hg, and no polarizing 
film forms. 

The hydrogen electrode is constructed as shown in the figure. 
F is a piece of platinum foil about a centimeter square fastened to 
a platinum wire sealed into the capUlary tube containing a little 
mercury and into which the lead ( — ) is inserted. This platinum 
plate is covered with platinum black (see Exp. 31, on electrical 
conductivity). Exit holes are pro%dded for the hydrogen gas near 
F so that the platinum foil is about half immersed in the liquid. 
The hj’^drogen should be pure. The most convenient source is 
compressed electrolytic hydrogen contained in a steel cylinder. 
For most work this can be used without purification; however, 
when necessary it may be purified by passing the gas over potas- 
sium hydroxide sticks and through a tube of red hot platinized 
asbestos. The hydrogen should escape through the holes in the 
g1a.«^s jacket at a rate of two or three bubbles a second. 

Before proceeding with the following determinations, read the 
article by Hildebrand, J. Am. Chem. Soc. 36, 847 (1913). 


(A) Titration of a Strong Acid with a Strong Base 

Prepare 0.5 N solutions of hydrochloric acid and sodium hy- 
droxide. Saturate a hydrogen electrode by passing hydrogen over 
it in distilled water for about 15 minutes. Then put about 20 cc. 
of the acid solution in a 250 cc. beaker and add enough distilled 
water to fill the beaker about half-full. Into this solution put 
the hydrogen electrode and the siphon from the calomel electrode. 
Pass hydrogen over the electrode, connect the cell to a potenti- 
ometer and measure the potential. After a five-minute interval 
RgRin measure the potential and if it has remained constant the 
determination can be proceeded with ; if not, wait until a cons^t 
value is obtained. Then add from a burette some of the sodium 
hydroxide solution, a few cubic centimeters at a time at first. 
Measure the potential after each addition, makin g sure that it ifl 
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constant before adding more base. When the potential begms to 
change considerably with small additions of the base, decrease the 
quantity added to a drop at a time as the neutral point is ap- 
proached. It is well to have a little phenolphthalein present in 
liie solution to indicate the neutral zone. When the neutral point 
has been passed the base can again be added in larger amounts, 
until the solution is strongly basic. From the measured potentials 
cfdculate the hydrogen ion concentration and also the pH values. 
Plot the potentials as ordinates against the number of cubic 
centimeters of the base added as abscissas and draw' the curve. 
On the right hand side of this graph plot the aH-*- values as ordi- 
nates so that both potential and uh* may be read from the curve. 
What part of the curve corresponds to the neutral point? How 
does the “ end point ” obtained for the curve compare with that 
actually required by the quantity of add titrated? Does this 
agree with the “ end point ” indicated by the phenolphthalein? 

(B) TrmaTioN op a Wmak Acid with a Stbono Babb 

Prepare a 0.5 N acetic add solution and titrate this with the 
0.5 N sodium hydroxide, following the same procedure as in (A) 
except that at the b^mning of the titration smaller quantities of 
the base are added. This is to avoid missing the first infloetinT i 
in the curve which occurs in the neighborhood of 0.4 volt. Com- 
plete the titration, and, as before, plot the potentials and ag* 
values against the number of cubic centimeters of h use added. 
Interpret this curve in the light of the chemistry of thn reactions 
involved in the titration. 

(C) Tixbation op Sodidm Cabbonatb with Htdbochlobic 

Acid 

Prepare a 0.5 N sodium carbonate solution and titrate this with 
tire 0.5 N hydrochloric add solution, following the samA pro- 
cedure as in (A) except that phenolphthatein is added to the car- 
bonate solution to indicate the change horn carbonate to 
carbonate. Note the point in the titration at which this occurs. 
Wheii the color disappears, add methyl orange and proceed with 
the titration, noting the point at which this indicator 

color. Hot the curves as before and on the basis of your results 

justify tile use of the indicators seleoted for this titration. 
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(D) Determination of Magnesium Oxide in the 

Presence op Calcium Oxide 


In the usual analytical procedure for this determination it is 
necessary to remove the calcium before determining the magne- 
sium. This separation can be avoided by the use of the hydrogen 
electrode in the method devised by Hildebrand. The principle 
involved may be briefly stated as follows. Because of its smaller 
solubility, magnesium hydroxide is precipitated before calcium 
hydroxide when sodium hydroxide is added to a solution contain- 
ing calcium and magnesium ions. In such a solution, then, the 
concentration of the hydroxyl ions can not be appreciably in- 
creased so long as magnesium ions are present. However, when 
all of the latter have been removed by precipitation as magnesium 
hydroxide, the concentration can then be increased up to the value 
required for the precipitation of the calcium ions. If these hy- 
droxjd ion concentration changes (in terms of hydrogen ions) 
are followed by means of the hydrogen electrode, a curve can be 
constructed by plotting the potentials against the number of cubic 
centimeters of sodium hydroxide added. From the inflections in 
the curve corresponding to the beginning and to the end of the 
precipitation of the magnesium hydroxide, the number of cubic 
centimeters of standard sodium hydroxide required can be de- 
termined and from this the quantity of magnesium hydroxide 
precipitated can be calculated. 

The foDowing procedure is quoted directly from the article of 
Hildebrand, previously referred to. Secure from the mstnictor an 

unknown ” containing magnesium and calcium and determine 


the per cent of MgO. 

“ To cany out a determination, the sample, say of limestone, 
is first weighed out, the quantity depending upon the magnesia 
content and the accuracy desired. The end point of the titration 
can be determined to about 0.2 cc., using normal alkali , which 


corresponds to 0.004 gram MgO. Therefore, a sample containing 
about 0.4 gram MgO, and requiring 20 cc. for its precipitation, 
could have its magnesia content determined with an accuracy of 
about 1 part per 100. Greater accuracy is, of course, offset by 
slightly greater time, so that the amount of the sample must be 
determined according to the conditions. 
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The sample having been weighed out, with an accuracy of 1 
part per 100, it is transferred to a small round-bottomed flask, 
pnfBniftnt dilute hydrochloric add added to effect its solution, and 
the last traces of carbon dioxide expelled by boiling for a moment 
under reduced pressure by the aid of a filter pump. A safety 
trap should be inserted between the flask and the pump. As soon 
as the solution of the sample is complete and the carbon dioxide 
eiqielled, the contents of the flask are washed out into a beaker 
for titration. The gang does not interfere and need not be filtered 
out. 

“ The hydrogen electrode and the siphon of the calomel electrode 
are next inserted into the solution, and the titration begun. Time 
is saved if the hydrogen electrode has been previously saturated 
while dipping into distilled water. A moment is necessary for 
the readings to become constant due to the contact of the electrode 
with the air in transference. The no rmal alkali, free &om car- 
bonate, is added until the e.m.f. b^ins to rise. The neutralization 
of the excess of hydrochloric add may be quickly effected if methyl- 
orange is present and the alkali added until it just turns yellow. 
This will indicate the ht ^nning of the rapid rise in the curve, 
before which ejiti. readings are uimecessary. The readings of 
ejnJf. &om now on should be plotted directly as they are taken 
on crossHsection paper. The parts of the curve to be observed 
carefully are the end of the first rise and the final rise from the 
predpitation of magnesium hydroxide to that of caldum hydrox- 
ide. Along this portion readings should be taken every 0.2 cc. 
The {mint of inflection of the smooth curve drawn thmngh thwM 
points is taken as the end of the reaction.” 

(E9 DkEEBIDNATION of pH at which tuniCATOBB rhlAWOTM 

COIOB 

4 

Fonowing the procedure given in (A), titrate 20 cc. of 0.5 N 
Hd, diluted with distilled water^ with 0.5 N NaOH in the presence 
d the indicators used in Esp. 38, and in addition use aUsarin, 
litmus and phenolphthalein. Detemiine die pH value at which 
the odor change occurs for each indicator used. 
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(F) Effect of Htdkoqen Gas Pressube on E.M.F. 

As we have already suggested on a previous page, the potential 
at a hydrogen electrode depends to some extent on the hydrogen 
gas pressure at which the electrode is saturated. The difference 
in electrode potential between an electrode saturated at 760 mm 
and, say, at 740 mm. (both of course immersed in a solution of the 
same oh*) is given by the equation. 



RT, 760 
2F^”740 


Will the electrode potential become more or less positive with de- 
creasing gas pressure? This correction must be made in accurate 
work, as well as a correction for hydrostatic pressure, if the hydro- 
gen escapes from the electrode by bubbling, as in the present 
experiment. Correction must also be made for the aqueous tension 
of the water, since the hydrogen is not dry but saturated with 
water vapor. The point, of course, is that the value 0.282 volt 
at 25° is the potential of the electrode dipping into a normal solu- 
tion of H'*', when the h 5 'drogen gas pressure is really 760 mm. The 
student should calculate all of these corrections for himself and 
determine whether they are large enough to be justified in the 
present situation, i.e., whether they lie inside or outside of his other 
unavoidable experimental errors. 


(G) The Qulnhtdrone Electrode 

Hydrogen ion concentrations, or activities, may also be de- 
tennmed by means of the quinhydrone electrode. Quinhydrone is 
an equi-molecular mixture of hydroquinone, C«H 4 (OH)j and quin- 
one, C«H,Oj. The reversible reduction of quinone (and oxidation 
of hydroquinone) may be represented by the equation 

C«H 40 , + 2H+ -H 2e' C*H 4 (OH), 

where e " is an electron. If a platinum or gold electrode (wire or 
plate) is dipped into an aqueous solution of quinhydrone (generally 
0.05 A/), and H'*' introduced by adding an acid, the equihbrium is 
disturbed (reaction goes to right) and a new equilibrium is es- 
tablished. The only source of electrons, which permit the re- 
action to proceed to the right where H+ ions are added, is the 
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platinum electrode, and the rest of the electrical system to which 
it is connected through the wire W. Electrons are sucked off 
this electrode into the solution to take part in the reaction, so 
that the dectrode becomes positively charged as far as the metallic 
•wire W and the rest of the system (say a calomel half-cell) are con- 

On the other hand, if OH~ ions are introduced into the 



solution, the H+ ions are used up to form water and the quin- 
hydrone reaction goes to the left, forming quinone and liberatiog 
electrons. These electrons are taken up by the platinum electrode 
which thereby tends to become more negatively charged. Thus 
the action is virtually the same as with the hydrogen electrode. It 
will be recalled that in that case also, increasing H'*' activity in the 
solution tended to make the hydrogen electrode more positive, 
because of the increasing osmotic pressure of H'*'; whereas de- 
creasing H'*' activity made the hydrogen electrode more negative. 

If a half-cell of quinhydrone electrode containing a normal 
(1.0 N) activity of H'*' is connected to a half-cell of hydrogen 
electrode dipping into a normal H'*' solution, the E.M.F. of the 
complete cell can be shown experimentally to be 0.699 volt. 
'Diis is a characteristic constant of this system, and we ahall 
designate it as Eo. Now, if the activity of H'*' is either increased 
or decreased in the quinhydrone half-cell, the E.M.F. is given by 
the equation 


E = Ea-§^ln - 

oc^(OH)> • 



But sinoe in the equi-4nolecular mixture, quinhydrone, ooba =■ 
ocauLOBht iihis equation reduces to the form 

„ „ RTj 1 HI!., RT, 

= — or E ^ Eo + In oa* 
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or at 25°, 


or 


IP n . 2-303 X 8.315 (volt-coulombs) 298 , 

E = 0.6990 + log 

E = 0,6990 + 0.059 log <xh+« 




( 6 ) 


Thus, since under these conditions, the quinhydrone elec- 
trode is more positive than the normal hydrogen electrode, an in- 
crease in Oh* in the quinhydrone solution would mean an increase 
in E, which bears out our previous statement. With this equation, 
one can calculate quantitatively the an+ (in the quinhydrone 
solution) from the potentiometric measurement of the E.M.F. of 
this cell. Ordinarily, instead of using a normal hydrogen electrode 
as the other half cell, one employs a calomel electrode, that dips 
into the quinhydrone solution. If a N KCl calomel electrode is 
used, with an absolute potential of +0.565 volt at 25°, then since 
this is 0.283 volt more positive than the normal hydrogen electrode 
(+0.282 volt), Eo in Equation 6 becomes 0.699 — 0.283 = 0.416 

volt. 

The quinhydrone electrode caimot be used in alkalin e solu- 
tions having a pH greater than about 8, both because of the 
rapid oxidation of the organic molecules by oxygen from the air in 
alkaline solution, and also because at a pH of about 8, the hydro- 
quinone becomes appreciably ionized, and Equation 5, above, 
cannot be applied. There are also other limitations. One of 
the principal advantages of the quinhydrone electrode is the rapid 
attainment of equilibrium, as compared with the usual 15 or 20 
minute delay encountered in waiting for the hydrogen electrode 

to reach steady values. 


Rkfebexces: 

Taylor, Chaps. XU and XEEI- 
Rodebush, Chaps. IX and X I. 

Getman and Daniels, Chap. XVH. 

Millard. Chaps. VHI and XVII. 

Findlay, Chap. XVT. 

Clark, The DetermiTudion of Hydrogen Ions, 
Glaastone's Electrochemistry of Scixsiions, Chap. XVL 
NewmaUf ElectrolyHc Conduction^ Chap. VL 


EXPERIMENT 38 


(A) BUFFER SOLUTIONS AND INDICATOR COLOR 
SCALE; (B) DEGREE OF HYDROLYSIS; (C) IONIZA- 
TION AND CHEMICAL CONSTITUTION 


In the case of a strong electrolyte the actual degree of ionization 
is undoubtedly 100%. But the effectiveness of the individual 
ions is to some extent diminished by the forces of electrostatic 
attraction between the + and — ions. From this viewpoint, 
instead of thinkin g in terms of the old Arrhenius “ degree of ioni- 
zation,” it is in many ways more useful and satisfactory to deal 
with the ion population in terms of “ activity ” and “ activity 
coefficient.” It is well known that the equilibrium equation 
when applied to a reaction involving a strong electrolyte, such as 


namely 


AB (goKd) «=* AB(in nlntion) ?=* A+ + B 


Ca* • Cb- 

CaB (in eolotinD) 



does not work, i.e., it does not g;ive (x>nstant values for K, the 
ionization constant, when we attempt to use some suitable means 
for calculating ca*, cb-, and cab by measuring the “ d^ree of 
ionization.” The activity of A* and of B~ and of AB may be 
defined as that function of A+ and of B~ and of AB which will 
make this equilibrium equation work; and the “ activity coefli- 
dents,” yA*, 7b- and yAB, are the factors by which the concen- 
trations must be multiplied to give the activities. (See Rode- 

budi. Chap. EX, for a discussion of activity and activity (coeffi- 
cient.) 

The student must not, however, get the idea that “ activity ” 
and “ activity coefficient ” are mere mathematical fictions. These 
functions can be evaluated experimentally from freezing-point 
lowerings, vapor pressure data, and in other ways. In this chapter 
we Shan represent activity by the symbol ( ); thus the activity 
of H"*" win be written (H"^). In the case of weak electrolyte^ 
however, it is stfil usdul to think in terms of degree of innigatinTi^ 
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and consistent and constant values of the equilibrium constant, 

a* 

K, can be calculated from Ostwald’s dilution law, K = 

(1 - a)» 

where a represents degree of ionization, and v is volume. 

Pure water at about room temperature is dissociated into its 
ions to a very slight extent, only sufficiently to give a hydrogen 
ion activity, (H+), of 10“^ molal. The activity of hydroxyl ions, 
(OH"), is idso 10“^ molal. Since the activity coefficient may be 
taken as 1 (unity) at any concentration below 0.001 molal, 10“'' is 
the actual fraction of a gram-ion of both H"*" and OH present in 
1000 g. water. In other words, at such low concentrations, the ex- 
pressions “ activity ” and concentration have the same meaning. 
The pH value is 7. (For a definition of pH value see Exp. 37.) 

Water of this high degree of purity, however, can be prepared 
only with great difficulty, and even when prepared it is subject 
to easy corUamination, sometunes by solution of small quantities of 
from glass containing vessels, and also by contamination 
with COi of the air or NH, (from the decomposition of suspended 
organic matter) or HCl or other laboratory gases. Frequently in 
chemical investigations it is desirable to work with solutions having 
a constant pH value of 7, or of some other unchanging value, and to 
make this possible so-called “ buffer ” solutions are often resorted 
to. (For a good account of buffer solutions, see Rodebush, pp. 
214—16; Washburn, Principles of Physical Chemistry, pp. 378-80; 
and Lewis, A System of Physical Chemistry, I, pp. 262-4.) 

The action of buffers may be explained in the following ^y. 
Suppose that we have a mol of acetic acid and a mol of 
acetate together in an aqueous solution. The lomc equilibria 

may be represented as follows, 

CHjCOOH CH,COO" + H+ 

CHjCOONa CHiCOO" + Na+. 


Since sodium acetate is completely ionized, the large 
of acetate ions, or activity, (CHsCOO"), 

the ionization of the sUghtly ionized acetic acid, by the co^d 

certain limits by controlling the relative concentration of ^ 
acid and salt. Now, let us pour into this solution a small amouni 
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oE add, flBj hydiooliloric acid. The hydxogen ions thus added will 
react at once with acetate ions to form non-ionised acetic addf 
Mid siiioe the activity of acetate ions is relatively veiy hi^, the 
hydrogen ion activity will be reduced to practically the original 
value. The pH value remains almost constant. On the other 
hand if a small amount of alkali is added, the hydroxyl ions react 
with hydrogen ions to form non-ionised water and in the 
the acetic acid dissodates sUghttyf replenishing the supply of 
hydrogen ioni^ and restoring the system to practically the original 
condition. A solution of this sort is thus able to protect itself 
against change in pH value, and is said to have ** reserve alkalinity 
and addity.” Hie solution is also said to be biiffered*’’ Any 
solution of a weak add with one of its salts, or of a weak base with 
one of its salts, acts as a buffer. Tlie d^ree of buffering <^nrl the 
actual pH value at which the solution is buffered depend not only 
on the absolute and relative concentrations of the salt add 
(or base), but also on the ionisation constant of the acid (or base). 

Several useful buffer solution systems have been developed (see 
CSsik, The D^rmination of lone, 2nd Ed., pp. 99-117). In the 

present experiment we duill use McSvaine’s system (/. BM, ChenL, 

49, ^ (1921)), made by mixing together 0.2 molar NafHP04 
solution and 0.1 molar dtric add, and covering a rang^ of pH 
values from 2.2 to 8.0, in intervals of 0.2. One of the several buffer 
systems present in human blood is the weak add NaHiP04 
its salt NaJ9P04. Hu tiiis buffer system of Mcllvaine, which we 
are going to use, NaHiiP04 is undoubtedly formed by reaction of 
Na«HW}4 witih dtric add. Thus, bo& H4P04~ (weak add) fmd 

NaHP04~ (salt of weak add) are present, as well as diric add and 
its salt, sodiam dtrate. 



(A) Hetennine the quantity of 0.5 M NaOH solution required 
to give the indicator color diange in a liter of distilled water 
(conductivity water should be used if available) to which several 
drops of phsnol red indiei^r have been add^. Repeat with 
0.5 M HC3 solution using metbsd red as indicator. Now ocunpaie 
the reserve aridity and alkalinity of water, just detennined, witii 
that of a buffered solution having a pH v^Jue erf 7. Prepare 20 

oa of this ariutum by addiog 16.47 ce. 0.2 M NaaHPO# solution 
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to 3.53 cc. 0.1 M citric acid solution. Add phenol red indicator, 
determine the quantity of 0.5 M NaOH solution needed to give 
the same color change as previously with water, and calculate 
the quantity required for a liter of the buffer solution. Repeat, 
as before, with 0.5 M HCl solution and methyl red indicator. 

In m airing; up an indicator color scale for the range of pH values 
from 2.2 to 8.0, the following indicators (dissolved in water) may 

be used: 


TviHirttor 


Thymol Blue (T.B.) 

Brom Phenol Blue (B.P.B.) 
Methyl Red (M.R.) ^ . 

Brom Thymol Blue (B,T.B.) 
Phenol Red (P.R.) 


0.04% solution 

0.0i% 

0 . 02 % 

0.04% 

0 . 02 % 


pH Yaloes between 
which ini 


ehangee color 

1 . 2 - 2 .8 

3.0- 4.6 
4.4r-6.0 

6.0- 7 .6 
6.8”8.4 


Table XII sets forth the quantities of stock phosphate and 
citric acid solutions which should be mixed together to give 10 cc. 

of the buffer solutions. n j rr o o 

Place 10 cc. of the first solution in a test tube labelled pH 2.Z, 

and add 5 drops of the thymol blue indicator solution; then place 

10 cc of the second solution in a test tube labelled pH 2.4 etc., 

adding 5 drops of the proper indicator to each tube un^ the whole 

range from pH 2.2 to 8.0 has been included. Smce there is some 

ovekpping in the ranges covered by the different mdicatois, 40 

test tubes are required. These should be arrang^ m senes ^ 
rack Compare the pH values at which these mchcators undergo 
their characteristic color change as shown by the b^er solutions, 
with the values found in the hydrogen electrode 

^r of fact bee^dardized by determining the pH values as 
a function of composition of the solutions by means of the hydrogen 

"tuoh a color scale has been set up, it 

unknown solutions. (Of course this mettod c^ot be empio^ 

^ant: until a »lor is obt^ed whi^ 

~,inr in the scale. In matching coloia it is best to remo 
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TABLE Xn 

McIltains’s Buvrb SoLtmoMB 



deesied tube from the rack and to make the oomparison with the 

nnkiiowii by lookiiig down the test tubes against a white back> 

ground. While the scale is in 0.2 pH intervals, it is generally 

pos^le to locate intermediate values in an unknown solution to 
0.1 pH. 


Determine the pH value of four unknown solutions obtained 
im the instructor. 


(B) Degoikb or HynnoLTBra 

Prepare a besh solution of 0.1 M aniliTiA l^^diochloiide, 

^ it make up 0.01 M and 0.001 M aolutionB. Determine the 
pH values of these three solutions ly of ^le 
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and calculate their hydrogen ion concentrations. In the hydro- 
lytic reaction 


CeHsNH: 


CcHfiNH^H 


+ H+ + a- (1) 


the formation of the weak, only slightly ionized base, 
C 6 H 6 NH 2 H • OH, uses up OH“ ions which come from the ioniza- 
tion of water, and this develops an acidity in the solution, due to 
the hberation of free H+ ions. If we let B represent CcHsNH* • H 
we have two equilibria in this system, namely, 


OH“ + R+ ROH 


and 


H,0 ^ H+ + OH 


Whence, for these weak electrolytes. 


Kb 


(OH-) > (R+) 
(BOH) 


or 


1 

Kb 


(BOH) 
(OH-) ■ (B+) 


( 2 ) 


and 


(H+)(OH') = XhsO 


(3) 


- total molahty of the salt CsBUNH, • HO present 
it were entirely in the form of non-ionized mole- 
degree of hydrolysis h is given by the following 


equation 


and 


hm^ = (BOH) = (H+) 
(1 — ^)nio = (B+) 


(4) 

(5) 


iv let us substitute into Equation 2, the value of (BOH) 
Equation 4, the value of (OH ) given by Equation 3 j 


(B^) given by Equation 


hmo 


^ • (1 - *)’»• 

and then substitute for (H-^) the value given by Equation 


namely 


huiQ 


Kb 


hma 



then 


( 6 ) 
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Now, furthennore, from Equation 1, it follows that the hydxolyaa 
constant, Ki,, is given by the equation 

^ _ (BOH)(H+) 

* (^) 

sinoe (H * OH) may be taken as 1, and (Cl~) may be taken as the 
same before and after the hydrolytic reaction. Therefore, from 
Equations 4 and 5 

^ Wo • kwio k*Bio 

~ (1 - A)»io “ r=^' 

V 

Consequently from Equation 6, it follows that 


Ku 


^HiO 

Kt 


hhno 

1-h 


Ihasimilar 


equation for the hydrolysiB of the 


weak acid and strong base may be derived 

^HtO h*wio 

K, 


(See Rodebush, pp. 207-210.) 

Calculate the d^ree of hydrolysis for 0.1, 0.01 and 0.001 M 
aniline hydrochloride solutions and, using Equation 6, ojtlwilafai 
Kt for aniline. Compare the values for degree of hydrolysis 
for Kt with those found in a table of constants. 


(C) I0HIZA.TION AKD ChKICICA 1< CO N B l ' iTUTl OW 

Using the color scale, as already described, and the indicators 

thymol blue and brom phenol blue, detCTnine the pH values of 

the following stock solutions. (3) and (4) may lie slightly bqyond 

the range of the color scale, but their pH values can be rou^Uy 
estiinated. 


(1) 0.01 M acetic add 

(2) 0.01 chloivaoetic add 

(3) 0.01 M dicfaloF-aGetic add 

(4) 0.01 if trichlor-acetic add 

(5) 0.01 M brom-acetic add 

(6) 0.01 M propionic acid 

(7) 0.01 M <r*broiii-propionic add 
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( 8 ) 0.01 M /S-brom-propionic acid 

(9) 0.01 M benzoic acid 

(10) 0.01 M o-nitro-benzoic acid 

(11) 0.01 M m-nitro-benzoic acid 

From the obseiT^ed pH values calculate the hydrogen ion concen- 
tration for each acid, and from this the degree of ionization, and 
finally the ionization constant. Compare the values so obtained 
for ionization constants with those found in tables, remembering, 
however, that for the strong acids involved, the ionization con- 
stant varies with concentration, and also remembering that the 
color scale method yields the correct order of magnitude only, and 
not the precise numerical value. (See also Exps. 14 and 30.) 

In explanation of the degree of ionization as a function of chem- 
ical constitution one theory which has been advanced may be 
briefly mentioned. The formula for acetic acid may be written 

H :0: 

• m 

H : C : C : O : H 

« • • • 

H 


where the dots represent electrons. Nothing whatever is impUed 
in this diagrammatic representation regarding the structure of 
the atom; the dots merely represent the number of valence 
electrons in the outer shells of the atoms. When acetic acid is 
dissolved in water, the pair of electrons which binds the hy^ogen 
atom to the oxygen is on the average probably drawn over shght y 
toward the oxygen and away from the hydrogen, thus occaaonally 
giving the positively charged hydrogen a chance to br^ away 
la an ion, probably to form the ion OH 3 + by combination mth 
H*0 About 1 per cent of the acetic acid molecules are lomz^ m 
a 10 per cent solution. K now one of the hydrogen atoms of the 

methyl group is replaced by chlorine 

H:0: 




• • 
• • 


: Cl : C : C ; 0 : H 


• 4 


H 


B atom for electrons displaces 
toward the left, and this dis- 
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idacemrait in toni causes a shift toward the left of the electrons on 
the next carbon atom, and finally on the oxygen atom, thus moviug 
the pair of electrons further away from the hydrogen atom and 
permitting it to ionize to a greater extent. With dichlor- and 
tii(^or-acetic adds the effect is even more pronounced. Th e 
effect is not so large with bromine and iodine, possibly 
their atomic volumes are larger and hence the attraction of the 
positive nudeus for electrons in the outer shell is less than with 
chlorme. The various degrees of ionization observed in the above 
experiment may be accounted for in terms of this theory. 

Dr. Langmuir (in Chemical Remem, 6, 46fi-67 (1929)) has 
given a particularly interesting Bolt zmann factor treatment of 
the ionization of such adds as those that the student has just 
studied, and it will be well worth the student’s time to devdop his 
own results in the same way. To do this, construct a table, list- 
ing the acids in the first column, and in the second column, under 
the heading K, list the respective ionization constants whi(^ have 
just been calculated, above. In the third column, tha 

beading list the natural logarithms of the ratio of K for 

every add to for ocdic odd. It can be^ahown by a Boltzmann 

zr ^ 

footer treatment that this term. In should be equal where 

X is the difference between the work necessaiy to remove a hy- 
drogen ion torn the given add molecule and ftom an a/yt ic 
molecule; k is the Boltzmaim gas constant (R - 5 - 6.06 X 10**) 
and T is tiie absolute temperature. 

This can be shown as follows. For a weak add the degree 
of ionization is so smaH that the Ostwald dilution law equation 


(1 


S 

—A " ^ reduces to the foim ^ K 

1 


9. or 




where -j represents the ratio of the number of H atoms in fawn 
of iow per unit volume to the number of H atoms remaining hr the 

imiMonized ^d inolecules per unit volurne. If we let W i^resent 

the wmk which is done in separating a mol of add into its ions H+ 

c^der that 1/2 W is the work required to 
Then from the Boltzmann law it lollowB 

probabOltieB and relative numbers of H atoms in 
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the ionized and non-ionized states, per unit volume, are 



nuA 



sinoe the hydrogen ions are being lifted out of an acetic acid 
molecule by the expenditure of energy in very much the same way 
as air molecules were lifted from a low to a higher level in the atmos- 
phere in the treatment of Exercise III. Hence, also 

w/t 

, and therefore, e“ ^ 

IIbA 1 


Squaring both sides, we get 

w 

e i2r = • u 

and writing the same equation for acetic add, we get 

e = Kac • «. 


Now, let us 


divide Equation 7 by Equation 8 : 


+ 


RT 



( 7 ) 

( 8 ) 


Finally, if we let X represent the difference 
the two acids per single molecule, we have 


X = (TFac - TF) 


, X . K 


Construct a fourth column in the above table, neaaea xu. 

’ of energy- in this column X is to be expressed in a unit 

S'o“ e™ct“s’ta”o'“or electroma^eUc mts of eta^let 

8.815 X 298 (room te mp.) _ 4 qg y 10 “” volt-coulombs. 

= 6^06“>ri0^ 

6.06 X 10“ _ g 28 X 10“ eleo- 

But in one coulomb there are —95 500 “ 
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tiOBB . Therefore fcr » 4.08 X lO"” X 6.28 X 10» = 25 X 10^ « 

0.025 volt — H+ chaige. Multiply the In ^ values of the third 

ooluinn in the table by 0.025 to get Hie reepective valuee of X in 

this unit, volt — charge. CSompare the values of X obtained 

in the case of the different acids, sinoe X gives a measure of the 

influence of the substituent atom, d, Br, etc., and of the position 

of the substituent atom in the molecule, on the ionixability of the 

in other words, the larger X is, the more readily the add 
forms H+. 

Bxfbbbncbb: 

Taylor, Chap. Xn. 

Bodebuah, Chap. IX. 

Getman and Daniels, Chaps. XVI XVii. 

Millard, Chap. Vm. 

Findlay, Chap. XV. 

Clark, The Determination cf Hydrogen lone, 

Newman, Skctridytiic Condudion. 
dasBtone, EUdrochemuiry qf SdlniionB, 


EXPERIMENT 39 


UNIT CELL SIZE OF SODIUM CHLORIDE LATTICE; 
GROWTH RATIOS AND HABIT MODIFICATIONS 

OF CRYSTALS 

In a laboratory course of the sort for which this manual is 
written it will naturally be impossible to introduce the student 
to the technique of X-ray analysis of crystals, because of the 
exp>ensive equipment and the time required to carry such analyses 

through to a conclusion. In the pres- 
ent experiment the student may profit- 
ably get a taste of some of the simple 
principles of cr 3 rstal structure. 

X-ray analysis shows that in the 
regular three-dimensional array of par^ 



Chlorine ion 


Fig. 65 


caUthe 

crystal laUice of NaCl, the sodium ions, 
Na"^, and chlorine ions, Cl", are ar- 
ranged as shown in Fig. 65. The dark 
balls represent Na"*" ions and the light 
balls Cl” ions. In such a lattice, it is 

always possible to pick out a unU ceU, that is, the simplest unit or 
structure considered from a geometrical ^int of view whi<*, 
when repeated over and over again in all directions, will give the 

whole lattice. The unit cell in the case of NaCl 
may be chosen as that tiny cube which has its 8 
comers at the centers of the eight chlorine ions 
which are located at the 8 comers of the cubical 
cluster in Fig. 65. If such a unit cell is cut out of 
the lattice of Fig. 65, a face of the unit ceU would 
aoDear as in Fig. 66. The chlorine ions at the 
center of faces have been cut into halves, those at tie 

into eighths, and the sodium ions along the ed^ 

is to be expected, of course, since two cubes can be placed togeth 

face to face, eight cubes contracting at a comer, and four along an 
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Fig. 66 
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Countiog up an the pieces of ions belongiiig to the unit 
oeQ cube, we find altogether 4 Na'*' and 4 Cl~; namely, for the 
Na+, 12 X 1/4 along the 12 edges plus the 1 whole Na'*' at the 
center of the cube (not visible in the figures); and for the Cn~, 
8 X 1/8 at the 8 comers plus 6 X 1/2 at the 6 faces. 

Unit Cell Size. Since density is an intensive rather than an 
extensive property, Le., it does not depend on the quantity of the 
substance, the density of the unit ceU is the same as the density of 
a large piece of NaCL Select two crystals of rock salt w eighing 
about 1 to 2 grams, or more, and weigh each one accurately in air 
(maldng buoyancy correction) and in benzene, hanging the crystals 
from a fine wire. With a pycnometer determine the densify of 
benzene at room temperature (see Ebq^. 9) and then calculate the 
volume displaced by each crystaL From thia volume and the 
weight of the crystal calculate the density of each, and average 
the two results. fVom the mass of unit cell (4Na+, 4C1~) and 
the density calculate the volume, and edge length, L, of the nnH-. 
cdL 


L 



4 X mol, wt. Nad 
6.06 X 10** X density 


L/2 is the distance between the horizontal or vertical layers of 
ions, and is also the closest distance between Na-*- and Ca~. How 
does your result compare with the accepted value? What ate the 
accepted values for the ionic radii of Na+ and C3~? 

Unless special cate is taken crystals seldom grow perfectly. 
They usually undergo some distortion due to their enviromnent 
or to the presence of foreign matBrials capable of being a/iao rhed 
by the growing crystaL Changes in form resulting in the de- 
velopment or repression of the crystal faces ate known as hahi t 
inodificationBL Two examples of habit mndifipAtinii be oon- 
ddered in the -following experiments — one, the fnTm»ttit>^ of 
octahedra when sodium chloride is grown in the presence of urea, 
and the other the enlaigranent of the cube faces and leductimi of 
the octahedral faces of potasmum alum when grown in the presence 
rf oertam dyes. These habit modifications are hmiight about by 
the B^ctrve adsorption of the foreign materials by certain crystal 
^oea. In Big. 65 the horizontal and vertical planes of imis pawJlel 
to tire cube facffi are known as 100 planes (pronounced ** 
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zero "), and the planes such as A- A- A- A- A in Fig. 65, running 
from a cube comer to the diagonal of a cube face, are known as 111 
planes (pronounced “ one-one-one ”). 

In the case of the potassium alum only the cube (100) faces are 
colored by the dye. Fig. 67, A and B. The change in habit is also 
accompanied by a change in the growth ratio of the crystal. By 

the growth ratio is meant the ratio of 
the perpendicular distance between a 
pair of parallel faces of one kind to 
the perpendicular distance between a 
pair of parallel faces of another kind. 
Thus in the ease of potassium alum 
the growth ratio is obtained by divid- 
ing the distance between one pair of 
cube faces (100) by the distance be- 
tween one pair of octahedral faces(lll). 
It is designated as follows: Fioo/F m- 
The growth ratio is a characteristic 
and constant value for any normally 
and freely growing crystal. Any 
change in its value means that the 
rate of growth (perpendicular dis- 
placement) of one kind of face has 

been altered to a greater extent than that of another kind. Since 
the adsorption of foreign materials by crystal faces results in a re- 
pression of the face displacement it is evident therefore that the 
measurement of the growth ratio affords a means of determining 
whether a given substance is selectively adsorbed by a crystal. 

Thb Modification of the Crystal Habit of Sodium 

Chloride by Urea 

Prepare two sodium chloride solutions saturated at about 
50° C To one of these add enough urea to make its concentra- 
tion in the salt solution about 15%. Let these ^lutions cool 
slowly to room temperature and permit the crystals to grow by 
alow evaporation at room temperature for several days. 
the crystals with a magnifying glass or microscope ^d note teat 

those grown in the presence of the urea are octahedral and tee 
others are cubitel. 



Fig. 67 



DHTF CELL SIZE OF SODIUM CHLOBIDE LATTICE 2n 






CiBowro Batio add tbs Habit Modiucation or Pons* 

Bnm Axitw bt Adbobbsd Dtsb 

Place a eolution oi potaamam alum saturated at about 80"-00° C. 
in a eiyst alli i nng dish and cool slowly to room temperature. Al- 
low the crystals to grow by alow evaporation until some wdl 

crystals have been grown. Select sue of these having 
of about 3-5 mm. Each of these is fastened to Uie 
end of a short length of nichtome wire by gently beating t.ha 
wire and poshmg it into one of the octahedral faces. The other 
end of the wire is securely fastened to a deeply notched cork 
stopper fitting a shell vial approxiiruitely 62 X 20 mm A solu- 
tion of potassium alum saturated at 25*’ is placed in three shdl vials 

and a like solution, to which has been added 0.05 g./100 cc. of 
Diamme Siy Blue FF (or Pontamine Blue or Bismarck Brown) 
<lye, is placed in three other shell vials. The corks are then 
numbered for reference and the distances between the three pairs 
of parallel octahedral faces (not including the pair throu^ which 
the wire was inserted) of each crystal is measured by wuwia of 

calipers and a irullixneter scale. The distances betwem the three 

cuneqionding pairs of parallel cube faces are also measured. 
The measurements are recorded and the corks with their attached 
crystals are thmi loosely fitted in the shell vials cHntainiiig the 
potassium alum Boltttion& The shell vials are then placed in a 

large beaker in a thermostat a4iuBted to 25® C. The crystals are 

penmtted to grow by slow evaporation and the measurements 
npeated in about 21 hours. Be careful to record the measure- 

ments of each crystal correctly. At the end of another 24 hour 

the measurements are again made. The perpendicular 
disimoes between the cube faces are then plotted as ordinates 
agahiBt the oorreeponding perpendicular distances between tlm 

ortahedral fiioes as absciflBaa BVom the straight line connecting 

the ^ ints the growth ratio Vm/Vui is detomined for thn 

coastals gprown m the presence and absence of the dye. Note Ore 

Jahge in the growth ratio and the halnt modification 
bytbedya 

The crystal lattice of potassium alum is such that tihe 
Pmes are populated by urns of like charge and the octahedral 
ptoiaBB are pr^pulated by a checkerboard anangohent of ions of 
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unlike charge. The crystal lattice of sodium chloride, Fig. 65, 
shows that the cube planes of NaCl are populated by unlik e ions 
whereas the octahedral planes are made up of like ions. 

Considering that in the planes made up of ions of unlike charge 
e is a partial polarization of the positive and negati\’e fields of 
ions with a consequent reduction in the attractive force of 
plane as a whole, whereas in those planes made up of ions of 
charge there is no such effect, account for the differences in 
habit modifications observed in the abo>'e experiments. 

TayW, CliapL V’. 

RoMiwb. Chap. rv. 

OUDaa and Paniela. Chap. FV. 

MiDaei. Chap. IV. 

Fiadlar. Chap. VI. 

Buan. PV^. A141, 567 (1«S3). 

BvrklTT. * KHM., 81, 157 (1982). 

Cmamd Svmpommm AmmmmL MI. » 

AkaaadM. CUkmd Ck0mni^, toL I. p 5M 

Baacfrdt, Apphwi CaOmd CkmmUtrg, pp. 108-205. M{<;rBW-HiIL 
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THE ADSORPTION OF OXALIC ACID BT CABBON 

It has. long been known that many dissolved substances may 
be removed from their solutionB upon being ahalran up with a 
finely divided solid such as charcoal What happens is that the 
dissolved substance collects in the boundary formed by the con- 
tact of the solid with the solutioiL The concentration in this 
boundary layur is therefore different from that in the solution. 
Such a change in concentration at an interface is termed an 
adsorptum. Since the concentration in the boundary layer may 
in some instances be decreased rather than increased this fact is 
reoc^nized by referring to an increase as a positive adsorption and 
a decrease as a native adsorptioiL In addition to the solid- 

fiquid boundary, adsorption occurs at solid-gas, liquid-gas and 
liquid-liquid intearfaces. 

. It is fivident that adsorption is a boundary phenomenon tmil as 
such not only involves concentration changes but is also related 
to aooompanymg ch a n ges in surface miergy. WOlanl Gibbs 
{Tram. Conn. Acad., 3, 439 (1876)) recognised this and first 
tablidied the mathematical relationship between surface 
and BOrfBce oonoentrstion in the following equation: 


« — 


C 

BTde 


( 1 ) 


where ii is the excess solute per sq.' cm. in tha boundary layer, y 
& the surface tension, c the concentration erf the nnliitfnn, and B 
and T ate the gas constant and absolute temperature. This 
equation shows that an adsorption (u) is positive when the mirfece 
tenricni of a sohition decreases with an increase in solute oonoen- 
tratlon and oanvetsely an adsorption (u) is negative when tiie 
Borfiaoe tensio n of a solution increases with an increase in con- 




A 

p e gperimental verification of the Gibbs’ adsorption equation 
jpteteirfi} a number of tfifficulries ’ depending upon the type of 
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interface concerned. Thxis while at a gas-liquid or liquid-liquid 
interface the surface or interfacial tension can be measured it is 
difficult to determine the concentration in the actual boundary 
layer. On the other hand in the case of a solid-liquid or solid-gas 
interface the concentration in the boundary layer can be de- 
termined but any measurement of the interfacial tension is ex- 
tremely difficult. 

A more frequently used expression is a modified form of the 
Freundlich equation 

1 

Ay = «^ (2) 

already referred to in Experiment 11. The symbols « and n 
represent constants. This relates the lowering of the surface 
tension to the concentration in moderately concentrated solutions. 
Since the quantity of substance adsorbed and the change in 
surface tension are closely related the above equation may be 

written as follows 



= ib • c» 


(S) 


in which is the total interfacial area, x is the quantity 
sorbed c is the equilibrium concentration (i.e., the concratra 
after the adsorption has occurred) of the solution and * ai 

are constants. . . 

The total interfacial area 2> of most sohds is qmte difl 

if not impossible to determine. However if the sohd is f 

divided and of uniform structure and particle sise one asf 

without great error that equal masses have equal surface 

It , »re ooly for to o«, p»- 

ticular lot of the soUd for which they have been detenmned. 
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by activated carbon. 
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EXFERllfSNTAL 

Place 200 cc. of each of the following oxalic acid solutions in 
500 cc. Erlenmeyer flasks: N/5, N/IQ^ JSr/20, N/30, N/40, N/SO, 
i\r/100 and iV/200. To each flask add 1 g. of activated carbon. 
Blood or animal charcoal, sugar charcoal, Norit, or Suchar or 
Nuchar will serve, but it is much more satisfactory to use activated 
coconut charcoal of large enough grain sise so that it can easily be 
shaken free of fine dust on a sieve. Size 8-10 mesh (i.e., through 
8 mesh and caught on 10 mesh screens) is very satisfactory, al- 
though smaller sizes may be used.* 

Shake each flask vigorously at about 10 minute intervals for one 
or two hours and then let stand for several hours to permit com- 
plete settling of the charcoal. Pipette out 50 cc. portions of solu- 
tion from each flask, being careful not to remove any of the carbon. 
If this cannot be done the solutions must be filtered through as 
small a filter as possible before removing the 50 cc. portions. 
Why? These 50 cc. portions are then titrated with a N/5 KMnOi 
solution. From the values thus obtained calculate the amount of 
oxalic acid remaining in the solution and that adsorbed by the 
carbon at each concentration. Plot the values for the equilibrium 
concentration using the number of cc. of EMnOi required for the 
oxidation as abscissas and the actual amounts of oxalic acid ad- 

• Ordinary wood charcoal is not a very active adsorbent. It must first be 
•'activated.” Good activated charcoal can be made from coconut ahells 
(or from peachstonea, cherry pita, natjahella, or any form of denae wood, or 
even from ordinary wood charcoal) by first brealdng up the carbonaceoua 
material into small pieces, about 1 cm. to an edge, and then heating at 350**- 
400** C., in a covered tin can (with holes punch^ in the lid) until volatile 
matter stops coming off. (It is a good idea to ignite the disagreeable acrid 
gasss with a match so that they wiU bum.) When the charcoal is cool, crush 
it and sieve off about 200 g. of 6-8 mesh grains. Place this in the middle of 
a quart! combustion tube, or iron pipe, and while heating it in an elecfrio 
furnace at about 900" C. (tiiermocouple) pass steam from a AmIt of boiling 
water through it for about 3 hours at a rate of about 1 g. water per minute. 

This yields an excellent carbon. Not much is known about the details of 
the me chanism of activation. The water vapor at this temperature (900") 
un^ubtedly acts as a mild oxidiiingl a^nt and cimws into the carbonaceous 
mas^ incr e a sing the porosity and at the same time probably rlftaning out 
resinous and tarry materials adhering to the internal sponge-like structure of 
the carbon, or at any rate making the porous network of carbon atoms 

powerfully adsorbent. 
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bate of settling of fine PRECIPITATES; 

DISTRIBirnON OF GRAIN SIZE 

Pigments, soils, and fine powders seldom if ever contain particles 
of uniform diameter. Since such properties as “ covering power ** 
and tensile strength of paint films, water holding capacity of soils, 
eSktent of surface reactions, and sensitivity of photographic emul- 
sions, are related to paitide size, it frequently becomes desirable 
to know the per cent distribution of the various sized particles 
present, in selecting a given material for some spedfic use. While 
many methods have been devised to determine size distribution, 
one of the simplest and most convenient is t^iat of W. J. Kelly 
described in /nd. Eng. Chem., 16, 928-30 (1924) and also in 
the CoOmd Symposium Monograph^ VoL 2, pp. 29-36 (1925). 
This is a modification of 

Ostwald and Von Hahn’s d^bM 
method and makes use of 
the fact that a suspension 
of a powder is specifically 
heavier than the pure sus- 
pension medium. There- 
fore, idien a suspension is 
placed in one arm of a U- 
tube and the pure medium 
in the other aim, the 
former will stand at a 
lower level than the latter. 

As the suspended solid 
settles out the density of 

the suspeoBioii becomes less and the levels in the tubes approach 
tte same value. By observing the rate at which the level difference 
changes, the rate of settling can be determined. Instead of a U- 
tube ^ KeDy apparatus is of the form indicated in Rg. 68. The 
tube A contains the suqjension and the capillaiy side aim C the 
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pure medium. By bending the capillary arm as shown the ap- 
parent difference in the levels is increased and can be measured 
by the length of the liquid column in the almost horizontal section. 
This difference in level, a, is given by the following equation 

a = ^ h — h (1) 

a 


in which D is the density of the suspension, d that of the medium 
and h the height of the suspension. If I is the length of the column 
in the almost horizontal section of the side tube and h the small 
angle made by this section with the true horizontal, a can be ex- 
pressed as follows 

a = I sin h. \^) 


The weight of material settling past the side tube is obtained 

as follows (quoted directly from the original article): “ ■ * * 
density of the suspension, D, has to be known in tem^ of the 
medium and the specific gravity of the suspended material. Thus 




yd + to 




where V is the volume of suspension in the large tube above the 
side tube, y the volume of the pigment and hence al^ that of the 
medium displaced, and w is the weight of the solid phase. 

“ If iS is ^e specific gravity of the pigment, then 



Substituting (4) in (3) 



SVd —tod -bjoS 

VS 


Substituting (5) and (2) m (1) 

h SVd - tod + toS _ , 
Isinb = ^ YS 


which on simplification gives 

SF dl sin h 

hiS - dj~' 



( 6 ) 
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Id fluB equation io and I are the only variables for any given ez- 
peiiment, and as soon as the values of the constants have been 
determined the equation may be written 


w = K-l 


( 7 ) 


* 

in which form it is eaaQy used. The total wd^t of solid phase 
in the suspension being known, it is a simple matter to calculate 
the p^oentage which settles out in a given time. 

“ in using this method the actual length of the sde tube is 
immaterial, provided it is long enough to take care of the feoession 
due to the settling. The sero point is taken at the upper end of 
the tube and the difference between this point and the position of 
the mmiiscas at any given time is taken as I. In tbig the 
effect of capillaifiy is eliminated. 


f9 


Pbocbdubb 

It is important in sise distribution determinafaons the 
partieles exist as individuals when suspended in the snspension 
medinm. The sample must therefore be prepared in such a way 
that an aggr^tes of particles are broken up. This is acocHn- 
plished by moistening a weired amount of the powder with a few 
cubic oeutimetess of a 5% gum arabie sol to which has been a^ ded 
a smaU quantity of eleefoolyte (for a 2% barium sulfate suspension 
about 1 cc. of a 5% barium chloride solution is satisfactory). 
Tltis miztOie is rubbed weD on a glass plate with a spatohiy washed 
into a glass graduate and dilated to the required volume. 

Having prepared 100 oc. of a 2% aqueous barium snl&te 
pension as directed above, next dean thoroughly the 
tube and' capillaty with hot dicbromate-sulfaric add Hnlntinn and 
rinse with distilled water. Beplaee the tube in its mip p^ H inE 
frame and adjust tiie screw S so that tiie an^e 5 is about one ami 
oneJialf d^;rees. Tbe fragile junction of the eapOlaiy to tube A 
should be supported by mounting on a block of wood W, or smne- 

thing that win serve the same purpose. Open the stop-oock E and 

fin the apparatus with distOled water to sueh a 
meniscos in the eapfilaiy side tube rests at the lower end of the 
horiaontal section. The conesponding levd is fnai-ltati x on the 
large tiibe and ite liei^t h above the side tube measured. The 

water is then drawn up to the end of the oapfllaiy tube, the atop. 
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cock closed, and the large tube emptied. The suspension is then 
poured into the lai^ tube up to the mark X and thoroughly 
stirred. After inserting the stopper M carrying the bulb B, filled 
with water up to the holes N, the stop-cock is opened and the po- 
sition of the meniscus in the capillary tube determined at various 
time intervals. The water in the bulbs B and B' ensures a constant 
aqueous vapor pressure below the stopper and above the capillary 
meniscus, thus preventing the introduction of errors due to evapo- 
ration. 

Since the initial rate of settling is uniform the zero or starting 


point of the meniscus may be determined by plotting the first 
few readings as ordinates against time as abscissas and extending 
the line so obtained back to cut the ordinate at zero time. This 
value is then taken as the zero value for the experiment. Read- 
ings should be taken every minute for about ten minutes, followed 
by a gradual lengthening of this interval as the rate of settling 
decreases, and should be continued over a period of about 6 hours. 

From the readings thus obtained the values of w and the per 
cent settling in the various time intervals are calculated. A 
sedimentation curve is then constructed by plotting the per cent 
settled as ordinates against time as abscissas. With the Latshaw 
tangentimeter described in Exp. 8, draw a number of tangents to 
the curve corresponding to different time intervals. The differ- 
ence between the intercepts of any two tangents on the weight 
axis corresponds to the amount of material havmg a si^ range 
which can be calculated for that time interval from Stokes law. 

In using Stokes’ law 

9 T? • * 


5 — r 


r* = 


2 iS- d)9-t 


S d and ft have the same values as in Equation 6, ij is the ^ 
efficient of viscosity of the medium, t the time in seconds, and r 
the radius of the particles. At any given time mte^al pw- 

ticles having a radius calculated from Stok^ 

intei^^al will have settled past the opening of the side tube. Th^ 

fore the range of particle size settling between successive time 

intervals can be obtained by calculating the radii 
to such time intervals. From the^ values the 
curv^e is constructed by plotting the per ^ size 

as ordinates against the size in microns as 
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Tlie value of the sine of angle 6 for the apparatus is readily 
detmnined by placing a strip of coordinate paper back of the 
horixontal part of the capillary tube and reading the of 

tiie an^e directly, &om which the sine is cftln nlateH A portion 
of a small graduated pipette may be used for the long, almost 
hoiisontal section of the capfllaiy tube, thus providing a 
whose v alnre a re readily calibrated in nnita of length. 

Table XUl contains the data obtained in a typical determinar 

tioiL T^le Xlv contains the data for the construction of tfia 
fiifle-distlibution curve. 


TABLE xm 



1 


iclination = 0.( 
L s 99co« 


Sine of 

Volimie above aide-ac 
Tenqieratiite » 

A « 25:2cm. 

•0-1 cc. = 2.3S cm. 

Zero teadixuE ~ 0.2IB6 
Benaity erf BaSO^ = 45 
Denahy erf HiO = 0-997 

4- F-g.l8inft O.9B7X 89X4.5 X 1X0.08 

j».Z(4.5 - 0^) 

= 0.151 1 * 


Ti/S-i) 


of Biale reading on hnriaontal aoBlian of 

^ UHtaare was a anaH vnhane moetta wnion 





TABLE XIV 

DiSTRiBunoN OF Pabticxk Size in BaSO^ Suspension 

=2 

2 {S~-d)g’t 

_ 9 0.0092 X 25.2 1 

2 ^ (4.5 - 0,997) X 980 I 
= 0.000304/t 



Taj’Ior, Chaps. I and III. 

Getman and Daniels, Chapa. X and XTV. 
Millard, Chaps. II and XVI. 

Findlay, Chap. XXI. 
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THE PR^ARATION AND PROPERTIES OF COL- 
LOIDAL SYSTEMS 

The sobject of colloid chemistry is concerned with the {diysical 
and chemical phenomena that arise from the dispersion of one 
kind of matter (termed the disperse phase) through another kinH 
of matter (termed the dispersion medium) in such a way tliat 
the particles (solid, liquid or gas) constituting the 
phase have diameters that lie between the upper limit, of molecular 
dimensions and the lower limit of microscopic visibility. These 
limits are approximately 1 m/t ( = 10^ cm.) to 100 m/i. Such a 
high d^;ree of disperaon imparts to coOoid systems a pronounced 

Stability- 

Various t 3 rpes of colloid qrstems are possible, depending upon 
tile state of aggr^tion of the two phases. Hius, for example, 
a gas may be colloidally dispersed in a solid or a liquid medium; 
a liquid in a liquid, a solid or a gas; and a solid in a liquid, solid 
or a gas. Of the ei^t types of systems possible, the most familiar 
are the solid in liquid, the liquid in liquid, and the liquid in soni- 
Bolid. These are called respectivdy suspensoid sols, onulsoid 
sols and g^ The tnm sol is used to differentiate a liquid colloid 
system from a true solution, the essential difference being tiiat 
in the former case we are dealing with an^e groups composed of 
many molecules, atmns or ions dispersed through a liquid medium, 
wh ereas in tiie latter case tiie moleculea, atoms or ions are dis- 
persed as individual units throu^out emne solvent. In con- 
sequence of tiie fineness of subdivision of the dispersed phase, eds 
in general iqipear to be homogeneous and in this respect at least 
supafidally resemble true solutions. The lack ci bamogeamty, 
however, can be readily detected by means of the T^daU effect 
of a beam li^t, and frequently in the case cdored suspensoid 

sols by the difference in color when viewed in transmitted 
reflected li^t, e.g., a red gold sol appears red in transmitted l^^t 
and ehoodate broim in reflected li^t. 
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Amrinu the many intemtinK propertie 
tioned the foUowinjt: their ak>w cliffunion 

low electrical condurtivit 



of aob may be 

v^loctuea, k>w 
remarkabie 



■irurturmi 


colors, the fact that the dispersed phase is elect ncally rharied with 
respect to the dis^iersion medium, the protect i\*e mcttuD of certain 
eubstances, and the effect of added elect rolj’tea. These and other 
propertiee doubtless result from the fact that the principal eoency 
form present in a sol is surface enerio'. That this must be of 
appreciable ma^itude is e\ident from the following consideratiocL 
The enerK>' factors of surface energy are interfacial tenssun (am 
Exp. 11, on surface tension) and interfacial area. The former is 
constant at constant temperature for a Ki>*rn »>T*tem. but the 
latter increases enormously with increase in defcree of dispenioci. 
This is illustrated by the fact that a cube of any solid havingt an 
edge of 1 cm. has a total surface area of 6 cm.*, whereas the same 
mass and volume of material dispersed in smaller cubes hax'ing an 
edge of 1 mil has a surface area of GO X lO' cm.*. This area mul- 
tiplied by the interfacial tension fields a high value for the surface 
energy. In this connection it should be pointed out that the 
dispersion medium plaj’S a very irapwriant part in determining the 
properties of the colloid sj-stem, as the surface tension is different 
for different liquids. 

Since the colloidal state lies between that of fine susprnsiooe 
and molecular di.«persions, it should be possible to produce a 
colloidal sj'stem starting with either large a{ayregates of material 
or with true solutions. In the former case the degree of dispersion 
would be increased by breaking up the coarse material and in the 
latter it would be decreased by causing the ions or molecule* to 
unite to form larger particles. Such methods are called respec- 
tively solution or dispersion, and cryslallixation or condensation 
methods. The condensation methods are much more numeroua 
than are the dispersion. 

The principal tj-pes of dispersion methods are (a) mechanical; 
(b) washing out; (c) electrical disintegration; and (d) peptiaatioo. 
The principal condensation methods are (a) reduction; (b) oxida- 


tion; (c) hydrolysis and (d) lowering of solubility. 

In the preparation of a sol, electrobrie is generally either added 
directly or forms as the result of a chemical reaction. In any 
event it must be removed before the true characteristics of the 
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sol can be determined. This is best accomplished by dialyzing 
the sol. In the process of dialysis an arrangement is made whereby 
the sol to be purified is separated from a volume of pure water by 
a membrane permeable only to the water and the electrolyte ions 
and molecules. Under these conditions the direction of diffusion 
is such that the electrolyte molecules and ions leave the sol and 
enter the water. In dialyzing a sol it is well to change the water 
frequently in order to hasten the process. 

Figure 69 shows the form of dialyzer used for rapid dialysis. 
A is a bell-jar having an opening at its top. A collodion mem- 
brane C is stretched across the bottom and 
is fastened by means of string wound 
around the fiange of the jar. The cell thus 
formed is placed in a large crystallizing 
dish P containing water. The sol is care- 
fully poured into the bell-jar which is then 
raised or lowered so that the stirrer S in- 
serted through the top is about 1 cm. from 
the membrane. The motor M is started 
and the dialysis permitted to continue for 
about 24 hours with frequent changing of 
the water in the crystallizing dish. A 

small electric fan motor with a slide-wire rheostat in series makes 
an excellent stirring motor. 

The collodion membrane may be prepared as follows: Pour 
about 50 cc. of an ether-alcohol coUodion solution over a surface 
of mercury contained in a crystallizing dish. In about 30 minutes 
the membrane should be dry enough to mount on the bell-jar. 
However, before attempting this, first carefully loosen a amftll 
section of the membrane at the edge of the dish and see if it 
can be lifted from the surface without tearing. When this can be 
done place the beU-jar on top of the coUodion in the crystallizing 
dish and bend the loosened membrane up over the flange of the jar. 
Fasten the membrane to the jar by means of several turns of soft 
TOtton string wound around that portion extending above the 
Mage. The string must be wound carefuUy so as to avoid cutting 
the membrane. The beU-jar is then removed from the crystaUiz- 
^ ^ and the membrane examined for holes. If free from holes 
the dialysis is carried out as described above. Care must be taken, 
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in testing the membrane for dryness, to prevent drops of mercury 
from getting on top of the collodion, since, when it is soft, these 
drops sink through and thiis produce holes. 


(A) Red Gold Hydrosol 

BY 

Zsigmondy’s Formaldehyde Reduction Method 
(See W. W. Taylor, Chemistry of Colloids, 2nd Ed., p. 189) 

First prepare the following solutions, using carefully distilled 
water and thoroughly cleaned pyrex glassware in each case, 
(a) 0.18 N potassium carbonate; (b) 0.3 cc. commercial formalin in 
100 cc. water; (c) gold chloride solution prepared by dissolving 
6 grams of crystallized chlorauric acid, HAuCU'SHzO, in one 
liter of water. 

150 cc. of distilled water (good quality) is heated in a hard glass 
beaker and 2.5 cc. of the gold chloride and 3.5 cc. of the potassium 
carbonate solutions are added. When this solution begins to 
boil, heating is discontinued and 3-5 cc. of the formaldehyde solu- 
tion is added at a rate of one drop every 20 seconds with thorough 
stirring after each addition. The reaction occurs rapidly after 
the addition of the first cubic centimeter of the reducing agent, 
changing the liquid from a light pmk to a brilhant red. 

Prepare about 450 cc. of this sol and dialyze for about 24 hours. 
According to Zsigmondy, this volume of sol is best prepared m 
three separate 150 cc. quantities rather than in a single operation. 
After dialysis preserve the sol, for later experiments, in thoroughly 

cleaned hard glass or fused quartz flasks. 


(B) Hydrated Ferric Oxide Sol by Hydrolysis 


Heat about 300 cc. distilled water to boiling in a one liter h^ 
glass beaker, and while the water is gently boiling slowly add wth 

constant stirring 4-fl cc. of a 30^0 per cent FeCU ^ 

move from the heater and when cool dialyze for about 24 ho^. 
The sol should be reddish-brown in color and perfectly stable. 

Preserve in a hard glass or fused quartz flask. 
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(Q Pbbpab&tion of a Gou> and a Silysb Sol 

BT 

Bbbdio'b Abc Mbthoo 

(See W. W. Taylor, Chemistry of Colloids, 2nd Ed., p. 220) 

Two gold and two ailver electrodes are made by fastening 5 cm. 
lengths of gold and silver wire 1 mm. in diameter to copper leads. 
Each wire and its lead is pushed through a small glass tube about 
6 cm. long, which serves as a handle and as an insulator. 

Place a few cubic centimeters of distilled water in a mnall crys- 
tallizing dish and add a trace of a 0.5 N NaOH solution. Connect 
the leads of the two gold electrodes to a direct current line, pro- 
tected with fuses (capable of canying a current of 5-10 amperes at 
30-110 volts). Form an intermittent arc under the water by 
momentarily bringing the wires together and then separating thpm 
slightly. When the. water is appreciably colored, remove the 
electrodes and filter off any precipitate present. Compare thia 
gold sol with that prepared in (A) above. 

Repeat the above procedure, substituting the silver electrodes 
for the gold. 

Note the electrode from which the metal is dispersed. 


(D) The Floccdlation of Gold and Fbbbic Oxidb 
S oi£ BT Electbolttbs and bt Each Othbb 

The stability of many colloidal systems, especially suspensoids, 
is considerably reduced by the addition of small quantities of 
electrolyte. When added in the correct proportion the electrolyte 
may completely precipitate the entire dispersed phase. It has 
been observed that in some cases certain electrolytes are more 
effective in bringing about such precipitations than others. This 
difference in action is related to the sign of the electrical charge 
of the dispersed phase, the nature of the added electrolyte, and 
the valency of the ion of opposite charge to that of the dispersed 
phase. This relation is expressed in the Hardy-Schulze valenoy 
rule and may be stated as follows: The precipitation of a sol is 
largely effected by the ion of opposite electrical charge and the 
effectiveness of this ion in bringing about the precipitation is a 
function of its valenoy. Thus one would expect a trivalent cation 
to be more effective in precipitating a negative sol than a uni- 
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valent cation. While this is true in many cases, there are enough 
exceptions to prevent the rule from being regarded as an exact law. 

Test this rule by determining the precipitating power of sodium 
chloride, barium chloride, aluminum chloride, ammonium chlo- 
ride, sodium sulfate and magnesium sulfate for the sols prepared 
in (A) and (B). 

This can best be done as follows: Thoroughly clean and dry 
twelve 125 cc. hard glass Erlenmeyer flasks. In six of these place 
25 cc. of the gold sol and in the remainder a s imilar volume of the 
ferric oxide sol. From burettes add 0.1 normal solutions of the 
electrolytes just mentioned, 3-5 drops at a time to each of the 
flasks, and determine the minimum concentration required in each 
case to produce precipitation. The sol should be thoroughly 
shaken after each addition of electrolyte and a time interval of 2 
minutes should be allowed between successive additions. 

Repeat the above experiment, substituting the ferric oxide sol 
for one of the electrolytes, and determine the quantity required 
for the precipitation of 25 cc. of the gold sol. 


(E) 



N OF THE Gold Numbehs of Gelatin 

AND TrAGACANTH 


Substances such as gelatin, agar-agar, gum arabic and tragar 
canth, when added to a suspensoid sol decrease the effectiveness 
of electrolytes in precipitating the dispersed phase. This is called 
protective action and the substances producing it are known as 
protective agents. Their effectiveness is expressed in terms of their 
gold numbers. The gold number, according to Zsigmondy, is: 
the maximum number of milhgrams of protective colloid that may 
be added to 10 cc. of a red gold sol without preventing a change 
from red to violet by 1 cc. of a 10 per cent sodium chloride solution. 

The gold number may be determined as follows: Prepare a 
0.1 per cent gelatin sol, and a 1 per cent tragacanth sol, by “ dis- 
solving ” the required weight of these materials in the proper 
volume of water. Put 0.01, 0.1 and 1 cc. of one of these sols in 
three test tubes, and add to each 10 cc. of the red gold sol pre- 
pared in (A) above. After thoroughly mixing, add 1 cc. of a 
10 per cent sodium chloride solution to each tube. If, for ex- 
ample, there is a color change in the 0.1 cc. and not in the J O ^c. 
sample, the gold number Hes between these two. Now take 0.5 
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ec. of the protective sol^ and determine whether the gold number 
lies between 0.5 cc. and 0.1 cc., or between 0.5 cc. and 1.0 cc. In 
this way, by systematically trying different volumes of the pro- 
tective sol, locate the gold niunber to within 0.1 cc. or better. 
Knowing the concentration of the protective colloid, the number of 
milligrams present in this volume can be calculated. 

Repeat this determination with the other protective agent. 

Rbfbbences: 

. Tajdor, Chap. XV. 

Rod^uah, Chaps. Vll and Vlii, 

Getman and Daniels, Chap. X. 

Millard, Chap. XVI. 

Findlay, Chap. XXl. 

Bancro^ AppHed CoUoid Chemistry. 

Emyt and van Elooster, CoOMs. 

FVeundlich, CoBaid and CapiBary Chemistry. 
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Abb6 rdractometer, 128-31 
Abeorption, 
of li^t, 197-8 
Bpectmm, 119 > 

Actiratiozi, energy of, 184-^5 
Activated charcoal, preparation of, 
281 
Activity 

coefficient, 187, 249, 251, 252, 283-4 
and concentration, 252 


optical, 121 
AHiun, oil films, 109 

expansion and compression. 



Adscffp tion 

'^^es and urea by crystals, 276-8 
equation, Gibb’s, 279 
isothom, Freundlich’s, 280 
of ATCftlic acdd by carbon, 270-82 
of sodium oleate, 103 
Alloy of bismuth and cadmium, 163- 
72 
An^ 

of uuddence and refraction, 116 
minimum deviation, 116-7 
of rotation, 121 
Angstrom unit, 196 
Anhydrone, 44 
Annaftling, glaSS^ 33 
Arc, ftredig, 293 
cadmium, iron, mercury, 118 
Arithmetic mean, 18 
Arrhenius reaction velocity tireoiy, 
183-6 
Ascarite, 44 

Association facte (liquids), 102 
Atomic wdght of sodium, 
determination 229 



B 

Balmer, equation, 119 
Barometer, 13-20 

Beckmann thermometer, 142-3, 
155-6 

Bimolecular reactions, 181—2 
Bismuth and wtHminm alloy, 163—72 

Boiling point 
composition diagram, 133 
Cottrell apparatus, 144-5 
elevation and molecular wei^t, 
141-7 

method for vapor pressure, 77-0 
minimum, mixtures, 126-8 
molal elevation of, 141-2 
Boltsmann Fhctor, 29-31, 79, 16% 
178, 184-6, 205, 235-6, 271-3 
Bomb calorimeter, 155-9 
Bredig arc, 293 
Bridge, salt, 234r30 
Wheatstone, 61-2, 218 
BrOnsted theory of ionic reaetimia^ 
186-92 

Brown, E. H. 

Minimum boiHog point appaimtuBy 

127 

Babble mse, 82 
Buffer solutions, 263-73 
Bumping, 78, 82, 241 
Burt, electrolytic conductance 
through glftM) 226 

C 

Cadmium, 

amalgyim, preparation of, 242-3 
arc, 118 

sulfate crystals, pr^Muration of, 
242 

Weebm odl, 237-43 
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Calomel electrode, 250, 254—5 
Calorimeter, 152-4 
combustion, 155—9 
Capacity, electrical, 7, 208 
Castor oil, A-iscosity and density of, 
(table) 96 
Catalj^sis, 185—7 

Catal 3 ’tic dehj^dration and dehydro- 
genation, 193-5 

CeU, 

concentration, 233-6 
constant, 60 
Daniel!, 244-8 
electrical conductivity, 219 
standard, 237-43 

thermal conductivity, for gases, 61 
unit, of crystal lattice, 274-6 
Weston, 237-8 

Clajjeyron-Clausius equation, 79 
Clapeyron equation, 10 
Clement and Desormes, ratio of 
specific heats, 55—8 
Colligative property, 141 
Collodion membrane, 291-2 
Colloidal sj'stems, 289-95 
ferric oxide, hydrolj'sis, 292 
flocculation of, 293-4 
gold and silver CBredig’s arc), 293 
protective, 294—5 
red gold, 292 
surface tension of, 103 
Components, number of (phase rule), 
166 

Cond u c t ime tri c 
titration, 223-4 

determination of solubilities, 224—5 
Conducti\dty 

and temperature, 223 
cell, electrical, 219 
cell, thermal, for gases, 61 
electrical, 217—25 

equivalent and molecular, 217, 
222 

thermal, definition of, 59 
thermal, of dry air, 63 
thermal, of gases, 6, 69-64 
water, 220-1 


Consolute temperatxire, 139 
Copper 

coulometer, 230-1 
membrane, porous, 73-4 
Correction 

drop weight surface tension, 104 
for emergent stem, 78 
for kinetic enei^ (viscosity), 89 
weight, for buoyancy of air, 85-6 
for wall effect, falling ball method, 
viscosity, 92-3 

Cottrell boiling point apparatus, 
144r-5 

Coulomb's law, 6 
Coulometers 

copper, gas, iodine, and silver, 
227-32 
Crystal 

lattice, unit cell size of sodium 
chloride, 274—6 
growth, ratio of, 276-8 
habit modification, of sodium 
chloride and potassium alum, 
276-8 

Curvature of surface and vapor 
pressure, 82 

D 

Daniell cell, 

electromotive force and tempera^ 
ture coefficient of, 211 —8 
Debye-Huckel, theory of ionic solu- 
tions, 188 

Debye theory of permanent polari- 
zation, 213—5 
Decay, Law of, 24-27 
Degree 

of dissociation of NiO^, 159-62 
of freedom (phase rule), 165 
of hydrolysis, 267-69 
of ionization, 150, 218, 223, 253-4 

Dehydration and dehydrogenation, 

catalytic, 193—5 
Density 

formula for, glycerin^ 97 
of liquids, 83-6 
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Density I £ 


of vapors, 36-46 

viscosity and, of castor oil (table), 
96 

Determination, hydrogen electrode, 
of MgO in presence of CsO, 
258 ^ 

Deviation 

root mean square, 19 
standard, 19 
Dewar tube, 148, 152 
Deztro^tation, 121 
Dialysis, 290-2 
INatomic molecules, 49-52 
Dielectric constant, 6, 7, 208-16 
Dimensions, and dimenirinnftl reason- 
ing, 5-12 
homogeneous, 10 
Dissociation 
constant, 161 
degree of, 159-62 
free energy of, 161 
heat of, 161 

Distances, intemuclear, 52 
Distillation, fractional, 132-6 
Distribution 
coefficient, 175-8 
law, Bdaxwell Boltsmann, 184 
of grain sise, 283-6 
Drop weight 

method (surface tension), 103-6 
surface tensioa corrections, 104 

T himAn 

bulb, for degree of dissociation, 
159-62 

bulb, for vapor p res s u re of acetic 
acid, 75-6 

vapor density method, 36-6 
Du NoQy tenaimeter, 99-101 
Pynamic method 

for vapor density and molecular 

weight of acetic acid vapor, 
44-6 

vapor pressure by boiling point, 

77-9 


Efficiency of extraction, 177-8 
Effusion, vapor pressure by, 71-3 
Electric moment, 212-6 
Electron vapor preesure, 202 
Emergent stem correction, 78 
Empirical equation 
for surface tension lowering 
(Freundlich), 103 
for vapor pressure, 80 
Energy 

abeorption and emission of, 200-1 
of abwrptioD (light), 198 
of activation, 184-5 
equipartition of, 49 
244 

molecular rotational qnn, 40 
of molecular translatory 4 g 

of molecular vibration and oadt 
lation, 51 
surface, 279 

E6tv6e-R Amaay - fihi^ds equation, 102 
Equilibrium constant, 161-2 
Eqoipartition of Ener^ Princi]^ 49 
Errora, 

acddental, avenge, chance, ood> 
dition, instrumental, prob* 

able, 13-19 
propagation of, 20 

Etdiing glasB^ witii hydrofluoric add, 
138 

Eutectic, 164, 170-1 

F 

Falling ball (viscosity), 92-7 
Fixed temperature point, 174 
Fluorescein, 196-7 ^ 

Fluorescence, quenching of, 196-201 
Fortin-type barometer, 13-18 
Fractionating column, effideocy, 
132-6 

Young evaporator, 134-5 
Free energy, 244 

Freesing point, depression, 148-51 
molal depreeeion of, 149-50 
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Freqaency of oscOlatian, 208 

FVenndlich 

cmpuiGal equation for surface ten- 
sion lowering, 103 
iaothenn, adsorption, 280 
FoncticHial lelatLonships, 23-^1 

G 

Gage, McLeod, 67-71 
GasBB 

ratio of specific heats, 47-58 
thennal conductivity of, 6, 59-64 
Gas ooulometer, 231 
Gibb’s 

adsorption equation, 279 
phase rule, 165-72 
Gibbe-Hdmholts equation, 245 
Gibson and Jacobs, falling ball meth- 
od, 92 

Gdktin, gold number of, 294-5 
Glass 

ftjrmftftling , 33 

blowing, 32-5 
capillary seals, 35 
cutting, 32 

etching with hydrofluoric add, 138 
inner seals, 34 
straight seals, 33 
T-tubes, 34 

Gold numbers, gelatin and tragar 
AAnth, 294-5 

OriMn dse, distribution, 283r-8 
Graphical method, 80-1, 135-6, 157, 
182, 185, 190-2 
Grid current, 206 
Growth ratio ci crystals, 276-8 

Halftime of bimolecular readionB, 
182 

HardySchulae rule, 293-4 

Harkins and Brown, drop weight sur- 
face oonections (table), 

104 

Bartlsiy drcuit, 209-10 


Heat 

of combustion, 155-8 
dissociation, 161 
generated electrically, 60^ 158 
latent, 245 

ratio of specific, (or molar), 47-58 
of reaction, 152^, 244-6 
of vaporisation, 79-82 
Heavy 

water, 86-8 
hydrogen, 87 
Henry’s law, 133, 175 
Hummer, microphone, 219 
Hydrochloric add, constant boiling^ 
88 

Hydrc^en 

electrode, 252-62 
heavy, 87 

ion, exponent, 253-4 
Hydrolysis 

degree of, anilix^ hydrodikiride^ 
267-9 

I 

Indicators 

€»lor scale, 263—73 
pH of, 259 
Inductance, 7 
Interference train, 54 
Intemuclear distances, 52 
Inversion of cane sugar, 123-5 
Iodine, ooulometer, 228 
Ion, 

reactions, 179 
‘‘strength,” 188-92 
Ionic conductivities, 229 
Ionisation and chemical oonstito- 
tion, 269-73 

degree of, 150, 218, 223, 252-4 
Iron, arc, 118 

Isoihennal, e^qtandon and compres- 
sion, 55 

J 

Johnston and Adams, pycnometei; 94 
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K 

^^^ienfflty of 

”** ratio of specific heotB, 



.^jlBoodty coitections, 

filmH, 109, 115 

aeteTf 81-2 

1,121 

[cm of, 197-8 
p^olamation of, 120 


fcion factor of, 102 
mixtareB, 126 
,83-6 

Gonst&nt of, 208^16 

tension of, 102 

;v- 89-97 

powder, 54, 107 

i 

M 

e"fl buffer solutions, 265-7 
gage, 67-71 

[ometer, liquid, 56 
ic, 18 

■ 

properties, 1 

iiiK point composition diagrams, 


Mercury 

rapor trap, 70-1 ^ ^ 

Meyer, Victor, vapor density, 3»-« 

Microphone hummer, 219 
Mimmum boiling pomt matoie, 

126-8 

Mohr-Weetphal balance. 83 
Molecular 

moment of inertia, 50, 52 

motion, kinds of, 48 

Btjucture and electric mommit, 

213-6 

freight, 36-8, 39-43, 44r6 

Molecular wei^t, 

boiling point method, 141-7 
j^moas method, 36-8 
freering point method, 148-61 
Victor Meyer method, 39 , 42 

Molecules, 

diatomic, 49-62 
monatomic, 48-9 
oriented, 107-15, 213^ 
polyatomic, 52 
polarization of, 215-6 

Biae and diape of, 107-15 

tiiatomic, 52 « i i 

Moment of inertia, of moteculsB, 

lurrtnRfAmic molecuka, 48-9 


lodion, 291—2 
rous copper, 73--4 

otoub sulfate, preparation 

243 

urj 

arc, 118 

purification of, 240-2 
YS^Kur lamp, 118 
Tapor pump, 65-7 


N 


^t^tion, mn^e dectaode potential, 
235-6 

partition law, 175 _ 

theory contact potential, 237, 

249 

Newkirk, accessory to pycnomeira, W 

Nonnal or standard decteode po 

t ffnHAl, 249-^1 


Ohm’s law, 8-9 
Cfil films, 107-15 
condensed, 11< 

Optical activityi 
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Order of Teactdon, 124, 180-2 
Oscillation, frequency of, 208 
Osmotic pressure, porous copper 
membrane for, 74 
Ostwald 

dilution law, 264 

pycnometer, 85-6 

viscosimeter, 80-90 

-von Hahn, rate of settling, 283-8 

P 

Parr bomb calorimeter, 155-6 
pH, 253-4 

of indicators, 259 

Phases, number of, (phase rule) 165-6 
Phase rule,.165-72 
Planck constant, 11, 50 
Plating silver, 228 
Platinizing solution, 219 
Plate cnirrent, 203-5 
Plucker tubes, 118 
Poggendorf, compensation method, 
239-40 

Poiseuille’s equation, 10, 89 
Polarization 

induced and permanent, of mole- 
cules, 213-6 
Polar molecules, 212-6 
Polarimeter, 120-^5 
Polyatomic molecules, 52 
Potential, normal or standard elec- 
trode, 249-51 
Potentiometer, 239--40 
Pressure 

effect of gas, on e.mX of hydrogen 
electrode, 260 

osmotic, porous copper membrane 
for, 74 

vapor, acetic acid (table), 46 
Plx>pagation of errors, 20 
Properties, measurable, 1 
Pycnometer 

Johnston and Adams, 94 
Newkirk accessory to, 94 

Ostwald, 85-6 

^lecific gravity bottle, 84-5 


Quantum, of en^gy,^ 

Quenching of ffuor^enr 196-2C 
Quinoid grouping, 197 
Quinhydrone electro^ 26G -2 

It 

Radon, 27 
Raoult’s law, 132 
Rate of settling, 283-8 
Ratio of specific (or moL rl hea 
47 -^ 

Reaction 

half time of, 182 
ion, 179 
order of, 180-2 

0 4 

temperature coefficient of, 183 
velocity constant, 123-5, 180-2 
velocity, as a function of tempei 
ture, 183-6 

Reciprocal solubDity, 137—40 
Rectificataon of current, 203, 226-; 
Re&active index and compositio 
127-8 


Refractometer, Abbd, 128-31 
Resistance, electrical, detenninatii 
of, 62, 218 

*Ri r>hftTd ftf»n»Tl i|Rhfn5m equation, 2 
Rotation, specific and mdecuh 
122-3 

Rydberg constant, 119 


Salt bridge, 234, 250 
Saturation current, 205 
Scientific method, 23-4 
Seebeck, thermocouple, 163 
Settling, rate of, 283-8 
Significant figures, 21—2 
Silver coulometer, 230 
Slide rule, 21 
Sodium vapor lamp, 122 
Solubility, conductimetric detenni] 
tdon of, 224-5 

Solubility curve, completely doe 
137-8 
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